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A. V. Seregin

Liquid Rocket Propellants

Uost of the rockets designed today employ chemical

Nuels. These are substances which as a result of -ohemioal

reactions emit heat converted by various engines, including

rocket engines, into work.

The state of aggregation of these fuels may be liquid

solid, gaseous or a combination thereof. For a number of

reasons rockets use only liquid. or solid propellants, and,

very rarely, combinations consisting of one liquid component

and. one solid component.

Liquid propellants are fuel mixtures, whose oomponentas,
used in the rocket, are fluids.

The present book, compiled from data of the foreign

literature, describes the basic properties of liquid rocket

propellants and the characteristics of their application chief-
ly in liquid propellant engines.

The book is designed for master-sergeants, .sergeants and

privates of the armed forces, as well as civilians interested

in the problems of rocket technology.

FTD-TT-63-98/1÷2 - -



In the history of humanity the .twmntieth century is ma~rke•" by

an unprecedented social progress. In our country, the la~tgest

country in the world, the building of socialist society has been

completed. At the 22nd Meeting the CPHLS adopted a new program --

the building of communist society.

Communism is not only the elimination 4:f all social inequa-

lities, but it is also the highest step in the evolution of man's

spiritual and material life. The CPSU program underscores that

"the achievements of Soviet science are a clear manifestation

of the supremacy of the socialist order, an index of the unlimited

possibilities of scientific progress and its growing role under

socialism." Our country was' the first in the world to employ

nuclear energy for peacfUl purposes; by launching.•rtifioial

earth satellites it paved the way into outer sp6ce. In its

program our party pledges that one of its tasks will be "the

further rapid development of advance rocket technology first

of all in the field of air transport and also for the conquest

of outer space."

Rockets are not only means for penetrating into outer'
space, exploring the planets and the sun, but they are also

basic weapons of our army. The CPSU program says that "the
Soviet State will see to that its armed for**a be powerful, aM
be equipped with the latest means for defending the Fatherland,

such as atomic and thermonuclear weapons, rockets of all r~nges..."

Man had knowledge of rockets since the earliest times. There
is evidence that the first rocket appeared in China many years

prior to our era. Yet, despite such a long history, until the

forties of this century the d~velopment of rdoket-propelledvhiolels
* was at a very low level. The lagingr behind of rooket

FTD-TT-63-98/1+2



technology during the first half of the twentieth century is

"chiefly due to the.insufficient development of soience and

technology. The modern lon range rookets are the result of.

concerted efforts by. nearly all the branches of.science --.

physics, chemistry, radio engineering, mathematics, metallurgy,

thermodynamics and others. The level reached by rocket techno-

logy in any country is an index of that country's overall develop-

ment. It is for this reason that serious progress±in designing

rockets capable of flying hundreds and thousands of kilometers.,
the whioh aS",

can at the present time be achieved by, only two Oountrie8/-=U%

advanced economically and industrially, the Soviet Union .and the

United States of America. It is significant that in rooket

technology the USSR has a long lead over the USA,.

The characteristics of a rocket depend to a great extent

on the proper choice of the propellant, its power and performance

parameters. In a rocket ready to launch on the pad fuel repre-

sents the chief part of its weight. In long-range rockets a con-

siderable portion of weight" at is *a&.i up by the propellant.

Further improvement of rocket engines is aimed in the first place

at devising and applying new, more concentrated sources of energy

suited for use as propellants of rocket engines.

3- 3 -
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Chapter 1.

GENERAL DATA

Section 1. Liqui4 Rocket Wp'oelýlWj'

In liquid rocket propellants the heat to be oonvtedr te-

work is most frequently.obtained as a result of th ohemical re-

action of combustion, i.e., a turbulent re~oti** fom the- oxida-
tion of one-substance by another. The oxidizing substance is
called oxidizer, and the oxidized substance is called _ftt.

In other heat engines usili liquid propella3t, inoluding
ram-jet engines, the vehicles oarriew only the f0!l while the
oxidizer (air) is taken from the surrounding medium. Vehicles
driven by liquid iropella~t rocket engines MLPRS) carried both
the fuel and the oxidizer. Hence the propella4t of, an LMRI is
understood to be the totality (propellant oompaitlaen) of qib.
stances participating in the chemical reaction releasing heat.

The substances intering into a propellant eompesition are-
called components.

B;.propellants (Fig. 1) conRist or two separately stored
fluids (components) of which one is the oxidizte (liquid oxygen,
nitric acid, liquid fluorine, etc.) and the O'tbi the ftel
(kerosene, alcohol, etc.).

Heat can be obtained, however, not only from the ohemocal

reaction of combustion but also from such other ohemioal reactions
as, e.g., the decomposition of certain cheioal oexpunds, and

others.

When using the decomposit. on reaction to releae heat in
the LPRE we can obtain a propellant consisting only of one com-
ponent and which is called a monoEroE21fllAn..

Another method for creating monopropeolants in to ptepare

mixtures of fuel and oxidizer which under normal conditions do



not itgulte spontaneously and can therefore be carried In a single
1

container .

Frequently various admixtures are Introduced in the propellant

components, e.g., to create better conditions for the flow of the

reaction,, or to slow it down or stop it all together. In the former

case they are called catalyzers, and In the latter Inhibbtors.

Depending on whether the propbillant starts burning with or

without an external flame, they are classified as hypergolio and

ancrgoliO propellants.,

pellants ... .. l ,.

M~onpro- "]yPr"-

chmial oxidizer ypgoiAnegoi

Fig. 1. Classification of liquid rocket propellants

The choice of the propellant for the LPRE depends on the

purpose of the engine and: of the rocket itself, and also on the

state at which rocket technolog finds itself at that time. To

understand these questions we must acquaint ourselves with the

design of the enSine proper and study some 5eneral problems re-

lating to the use of rocket propellanjsin LPBE's.



.Section 2, Rocket Zower Plant

The rocket power plant is understood to be the .totality ,of

all the units designed to set the rocket in motion. It consists

of the. rocket engine (RE) proper. the propellant tanks* system*

for feeding the propellant into the combustion chamber and the

automatic devices controlling the engine's performance.

The rocket engine consists of three basic parts (Fig. 2):

Injector," c.ombustion chamber and nozzle.

Canbustio , ". -.-
InIe torp. chamber- Nozzle

,Oidize -.',-
Fig. 2. Diagram of rocket engine

The englne inlector contains the holes through which the

pvopellant components are fed into the combustion chamber. They

must be so placed as to ensure the required spraying and mixing

of propellant components fed into the chamber. The degree of

spraying and mixing of propellant components depends on the

number of sprayers and on their design. 'The many designs exist-

-6...•



Section 2. Rocket rower Plant.

The rocket power plant Is understood to be the totality of

all the units designed to set the rocket in motion. It consists

of the rocket engine (RE) proper, the propellant tanks, systems

for feeding the propellant into the combustion chamber and the

automatic devices controlling the engine's performance.

The rocket engine consists of three basic parts (Fig. 2):

injector, c.ombustion chamber ani nozzle.

Combustion.' .
Inec.tor. chamber- N 3ozzle .

I-0.

Pie. 2. Diagram of rocket engine

The engine injector contains the hole; through which the

pvopellant components are fed into the combustion chamber. They

zust be so placed as to ensure the required spraying and mixing

of propellant components fed into the chamber. The degree of

spraying and mixing of propellant components depends on the

number of sprayers and on their design. 'The many designs exist-



ing can, .according to the operation principle, be grouped Into

two classes, centritfua_ and let manifolds.

"The latter are -very, simple in design, being small-size holes

(of from 0.8 to 2.5 mm. in diameter) drilled into the ,npc•Lr head

in such a fashion that the fuel and oxidizer jets omitted by them

collide, thereby providin.g.a thorough spraying. and mixing.

The advantage of jet iiaidfolds consists in the simplicity of

their design. Propellants with a high viscosity and high surface

tension,'however, are insufficiently atomized and Utedmixed

when fed into the combustion chamber through jet manifolds; this

leads to incomplete burning of the propellant and to a reduced

performance rate of the engine.

Centrifugal manifolds are more complex in design but they

ensure, with the same pressure variation as in jet manifolds, a

better spraying of the propellant and, hence, a better intermlx-.t

ing of the components. Prior to being injected into the combustion

.chamber the propellant -component Is whirled in the centrifugal

manifold,whence the fluid is ejected In the form of a thin film

which readily disintegrates into droplets. Vh '... of the

propellant is performed either by means of a spe~kal screw in-

serted in the centrifugal &anifold (Fig. 3, a) or by so Intro-

ducing the fluid into the hollow of the manifold that prior to

ejection It acquires a certain rotative speed around the mani-

fold's axis (Fig. 3, b). This is attained by Injecting the fluid.

laterally rather than axially. Such manifolds 'are .ewwa as

tangentlal centrifugal manifolds..

-7-



Section A-A,

Whirl screw IA b' Liquid' inlet

Fig. 3. Eccentric manifoldst

a -- with whirl screw; b - with side inlet.

The oxidizer and fuel manifolds in the injiector headi are

arranged in a certain order -- checkered, honey-combed, concentric

(Fig. 4).

a. W .

V0 a "0 i't0 b "0 0

01 . Arnen0 @0 0 a In I t

o-Oxidizer manifolds
'a-Fuel manifolds-

Fig. 4. Arrangement of ganifolds in InJbctor,
a- staggered; b- hbneyeomb; o) cononetric

To form a protective cooling film on the combustion chamber

- 8- ?



wall and the manifold, a number of fuel injection holes is pro-

vided on the borders (perlphery) of the tnfJeOtOr.The fuel injected,

from these holes mixes with the oxidizer only in part, while its

bulk -bits the combustibn chamber wall where It forms a fltui4V.

film which in a certain' distance from the A*-..' becomes vapor.

This vapor film covers the engine walls to the nozzle exit, Its

purpose is to protect the combustion chamber walls and the n6zale

from the action of hot gases which are the products of propellant.

combustion.

Most of the existing LPRE's use centrifugal manifolds since

they ensure a better atomization of the fuel than jet manifolds.

For propellants whose components occasionally ignite spontaneously,

jet manifolds are used.

LPRE combustion chambers nay be of varlious shapes, .6.,"

cylindrical, spehrical, pear-shaped, etc.,

The processes taking place in the combustion chamber are the

atomi atiolf propellant components, their mixing and, of course,

combustion itself. Chemical energy in the propellant is converted

by combustion ,.to heat energy. Design and size of the chamber.

must be such that the propellant can burn up completely, i.e., that

the conversion of chemical energy L to heat energy be as complete

as possible.

Completeness of propellant combustion depends, on the one

hand, on the time the propellant stays in the combustion chamber

and, on the other, on the chemical activity of propellant componetitp,

i.e., on their burning rate. The greater the propellant burning

rate, the less time it is required to stay in the chamber.

Propellant residence time in the chamber can be determined

by the size of reduced chamber length.

-9



This Is understood to be the ratio of combustion chamber

volume Vch M. to the area of throat (narrowest) croon-

section Fars I

vpb

The greater the reduced length, the longer the propellant hag to

stay in the chamber, the more complete is its combustion, and

the more complete will be the conversion of the propellant's

chemical energy ' to heat energy. The reduced len6th of the

bombustion chamber, however, cannot be increased ad infinitum

since for an assigned combustion pressure this will lead to an

increase in the chamber's dimensions and, consequently, to in.

creasing the engine's weight'. For this reason it is sought, as
the

"a rule, to have the LPRE chamber of exactly~len6th required for

"a perfect combustion of the propellant.

Completeness of combustion in the chamber is rated by the

nressure ..-pulse. This is the ratio of the product of pressure

at which propellant combustion takes place in the engine-chagber

times the throat cross-section area, to propellant consumption

per second:

where 3 is pressure ".pulse, in kg see/kg;

p is pressure in the combustion chamber, in k&/cm2;

Fca is the )areal throat cross-section) in om2 ;

G is propellant flow rate per second in the
sec

engine, in k&/Aeo..

The greater the pressure pulse Value, the more complete is

propellant combustion. This value can be defined experimentally

-10-



and by computation.

Theoretical computation of pressure pulse value is done under

the assumption that 100% of the. propellant injected into the

Scombustion chambetr•istranssformed into combustion products.. By

oomparlag the theoretioal pressure pulse with, that deteriined ex-

periment~qlly we can define the chamber ooeffticient L hioh shows

the portion of propellant injected into thoe combustion chamber

that participates in the combustion reactions

Combustion chambers of modern LPRE have high values of roh

(from 0.95 to 0.98). 'Thus, chemical energy of the propellant.

in the combustion chamber is almost entirely converted into

-heat energ,..

The nozzle at the end of the combustion chamber is a combina-

tion of a converging and a diverging cone. The purpose of the

nozzle is to accelerate the gas from velocities of several

tens of meters per second to velocities of a thousand meters per

second, i.e., to convert heat energy released by the propellant

burniM in the chamber .', to kinetic energy of the Jet (velocity

energy) of gases ejected by the rocket -- the combustion products.

It is in the nozzle that the reaction or thrust mnving the rocket

is formed.-

In the converging cone of the nozzle the Jet of propellant

gases is accelerated to sonic velocities. In: the throat the
"exactlyeas Jetattains a v, elocity equal to'that of sound in

- 11 -



a gas at a temperature and with a cpmposition in this cross-

section.

The speed at which sound propagates In gases IS not constant.

It depends on the temperature and composition of th. medium and

is defined by the formula

where a is speed of sound, 3/68o;

k is the exponential adiabatic expansion curve, depends on

propellant composition;

g is acceleration of gravity, m/sea2 ;

R is the gas constant, kgm/degrees kg mole;

T is absolute gas temperaftre, OK (absolute temperature is

equal to gas temperature in centigrades plus 273 , measured

in degrees Kelvin).

In the diverging part of the nozzle the gas attains :supersonic

velocities.

As it moves through the nozzle, gas pressure constantly drops

from a value equal to combustion chamber pressure, to pressure at

the nozzle exit.

Pressure at nozzle exit may vary according to the geometric

shape of the'nozzle. Nozzle dimensions are so chosen that at the

exit pressure of the expanding gas jet be equal to ambient pressure,

i.e., to the pressure of the medium in which the engine performs.

Under such conditions, engine performance is most economical.

As the rocket is lifted to high altitudes its engine operates

in a medium with variable pressure. Varlations of ambient pressure

can virtually take place from I kg/cm2 (engine performs on the

ground) up to pressures equal to zero (the rocket reaches altitudes

- 12-



of about 100 km and higher . Hence pressure at nozzle exit Is

chosen for high-altitude rockets in accordance with the altitude

at which the rocket in expected to stay longest Ath a&perform-

"7he greater the expansion to which the eases in the nozzle ,

are .subjected, the greater the conversion rate of heat :energy In-

herent in them to kinetic energy of' the gas Jet,

Depending upon the composition of propellant combustion

products,.i.e., on the type of propellant, conversion of heat

energy into kinetic energy occurs at varying degrees. Since

with identical temperature and pressure the volume of various

gases with a weight equal to their molecular weight is identical.

it follows that the smaller their molecular weight, the larger

the volume taken up by I kg of combustion products. Thus,

the smaller the molecular weight of combustion products, the

more gases are being formed ((aIU other conditions being equal)

and the more work they can perform..From this viewpoint the

best propellants are those with ýhigh hydrogen content since

large quantities of water vapor H20 with a low molecular weight

(18) are being formed a they burn. Propellants with a high

carbon content are of the lowest quality since during combustion

carbon forms carbon dioxide CO2 with a molecular weight 44. Even
be found*

lower properties will A propellants using metals as fuels,

e.g., aluminum whose combustion is accompanied by the formation

of alumina -12 0 3 with molecular weight 102.

Gases passing from the combustion chamber into the nozzle

have a spebific margin of heat energy equal to the product of

their specific heat and temperature. Gas temperature in the

- 13 -



chamber is about 3,000 to 3,5000 C. At the nozzle exit it is lower

than in the combustion chamber, yet it may still be suffiolently

high (about 900 to l,0000. Thus, gases ejected from the engine.

through the nozzle still have a large margin of heat energy,..

The distance between heat energy in the gas inside the com-

bustion chamber and its heat energy at its exit fromI the nozzle

into the surrounding medium corresponds to that amount of heat

energy which can be converted to kinetic energy of the ejected

gas. Jet.. However, not all the heat energy difference is fully

converted .to kinetic energy, a part of itbei"lost in the nozzle

to friction, heat transfer to the walls, to the formation of the

jet velocity component directed perpendicularly to the engine

ax!Mq qnd therefore not producing thrust, etc. These losses are

known as nozzle coefficient. As a rule its value -n ranges from

0.92 to 0.95, i.e., from 8 to 5% of heat energy is lost in the

nozzle for no purpose.

The product of chamber coefficients and nozzle coefficients

yields the aggregate value of the engine coefficient, also called

the specific imZLks-s caoffigient. The engine coefficient shows the

extent to which engine design is perfect from the viewpoint of

converting in it chemical propellant energy 'Ito kinetic energy

of outflowing combustion products.

Section 3. Engine Coolin]

As the propellant burns in the combustion chamber, exceed-

Ingly large amounts of heat are released. To compare various

14-



en8ines to each other by the thermal stress in the combustion

chamb~es, the. concept of total calorific, value of Droyellan% has

been established. This is understood tQ be the amount of heat

released in.a volume unit of combustion chamber. where propellant

oombustion takes place.

Liquid propellant rocket engines are machines under heavy

thermal stress. Following are total calorific values of propellants

for some heat en.oinesr

Total calorifie value,
kcal/l

Modern water tube boiler 0.3 - 1.0,

VRD combustion chamber 22.2 -33.0

LM. combustion chamber 500 - 4,700

As is seen from these data, thermal stress of rocket engines

is hundreds and thousands of times higher than that of other heat

engines. Hence if cooling has not been carefully devisedg .the

material of the rocket engine will not withstand such high thermal

stresses and ". burn out. The problem of cooling thercket en-

gine is complicated, by the fact that Onfy such propellant com-

ponents can be used as a'coolant, which, as a rule, have

a lower cooling power than waterused for this purpose in nearly

all the other types of heat engines.

There exigt two methods of cooling rocket engines, Vis.,
regenerativA (external) and internal coolie.

Externally cooled combustion chambers and nozzles are pro-.

vided with double walls. Calibrated wires or special extrusions

provide between the inner and outer wall a 1 to 1.5-mm clearance

- 15 -



which represents the cooling jacket. One of the propellant com-

ponents used ass a coolant is fed to the collector in the nozzle

and passes then through the cooling Jacket washing the inner walL

of the engine. , tOm the space beyond the Jacket the component

flows to the injector and is admitted through its holes to the

combustion chamber.

Iihen flowing through the cooling jacket the propellant component

is usually heated to about. 100 to 110 0 C. Irrespective of how

intensive external cooling may be, virtually no heat Is lost since

that removed from the engine by the coolant returns almost entire-

ly to the combustion chamber as the heated propellant component

flows into it. Hence with external cooling a minimum amount of

heat should be removed from the engine to prevent pitting of the

walls. But the magnitude of the heat flux removed in exterial

cooling is limited by the proterties of the propellant components.

For example, in cooling with kerosene (or any other hydrocarbon

fuel), at a temperature known as thermal decomposition temperature

the kerosene begins to decompose.

Thermally decompoling hydrocarbon fuels separate solids with

a high carbon content which precipitate on the engine walls. -his

deposit has a very low thermal conduction, owing to which heat

transfer from the heated engine wail to the fluid sharply drops

and the combustion chamber ignition plate may burn out.

Of great importance is such a property of the propellant

component as boiling point with pressure in the cooling jacket.

If the coolant boiling point is sufficiently low, already at

low heating the fluid boils near the combustion wall surface.

Surface boiling, if not too intensive, may even improve cooling.

-16-



Bubbles L4prove the mixing of the coolant and, hence, improve heat

transfer to the fluid. But if near the cooled surface there fofts

a solid vapor film rather than individual bubbles,then it will

prevent beat transfer from the engine wall. to ,the coolant by act-

"ing as some sort of a thermally'insulating layer because 'of its

low heat donduatiorn.

Rocket- engines with an operation duration as short as One

minute cannot always be cooled by reeenerative means alone. The

engines of long-range rockets operate for 1.5 to 2 min and more.

To prevent the burning out of nozzle ind combustion chamber walls,.

such engines.in addition to external cooling by one of the propellant

components, must also be cooled internally.

This is effective by feeding one of the propellant components

(usually the fuel) to the combustion chamber wall. Then thereforms

a thin fluid film which protects the wall against the immediate action

of hot gases. The propellant component producing the protective

film can be fed to the wall at any cross-section of the combustion

chamber. The simplest way is to supply the component through

holes in the border of the in~eotoo.•-, The fuel film on the

wall's surface hardly mixes with the oxidizer, hence near the

SVineotor it does virtually not participate in the combustion

process. Further away from the Wned6tor 'ý--" the film becomes

thinner on account of evaporation. At a certain distance from '4.•:

* -'"_:_ ,c •,the fluid film evaporates completely and becomes a

vapor film. The later gradually mixes with the combustion pro-

ducts, burns out and becomes thinner and thinner towards the

nozzle exit.

-17-



In some rocket enSines the pvotective film admitted through

holes in the injector does not reach the throat. because it

is fuxlly eliminated by burning-off and mixing with burning Bases.

Such engines are provided with several cooling belts. At a certa&n

distance from the injector.. holes are drilled Into the combustion

chamber walls through which the fluid component is emitted from

the jacket space. These intermediate cooling belts make it possible
over

to obtain a protective film*-, the entire combustion chamber length

to the nozzl.e exit.

Unlike the case of external cooline, heat lobses are Anvolved

in internal cooling. The fuel. admitted directly to the combustion

chamber wall does not mix with the oxidizer. -As it flows along the

wall to the nozzle exit, the fuel burns out only in part, while
is expelledi

most of it ,--v by the nozzle in the form of vapor. Consequ4ent-

ly the combustion chamber coefficient which indicates the part of

the propellant injected into the engine which burns out completely,

decreases, i.e., fuel recovery rate decreases. Rocket engines are

therefore chiefly externally cooled, and internal cooling is used

only as secondary to regenerative cooling.

Section 4, Analysis of Rocket Propellant Efficiency

Propellants are a source of energy which through the engine

is imparted to the vehicle. Velocity and range of the vehicle

with a specific propellant load depend on the efficiency of the

propellant. There are two methods for evaluating this efficiency,

the thermodynamic and the ballistic method. The thbrmodynamio

analysis disreFards the sehicle' s structural characteristics.

-18- I



The method consists in determinine the thrust of the engine per

one kilogram of propellant consumed in one second. This quantity

is known as specific impulse. The propellant's efficiency is

* directly proportional -to its- specific impulse.

The latter can be determined by either estdirectly in the

eOngine, or theoretically by computation. The value of specific

Impulke depends not only on the propellant's power pargmeters but

also on the combustion products expansion rate .S they areas

ejected from the nozzle. Thus a propellant tested inAengine

having Identical pressure at nozzle exit (e.S., ambient pressure

1 atmosphere) and a different pressure in the combustion chambers
t*e

develop a specific impulse all the greater the hi6herApressure

is in the combustion chamber. Hence the power parameters of various
under-

propellants must be compared t6 one anotheridentical application

conditions in the engine.

The power parameters of bipropellants also depend on the ratio

at which the components are admitted into the engine's combustion

chamber. That comnonent ratio at which the oxidizer just suffices

for a complete co9istion of the fuel (carbon up to CO2 and hydrpgen

up to H20) is said to be stoichiometric . It is known, however,

that to obtain maximum specific impulse the propellant componants

should be injected into the engine notat-a stoichlometric ratio

but with a certain fuel surplus.

Evaluation by test of the efficiency of rocket propellants

is carried out on stands by measuring the thrdst developed by

the engine and propellant component flow xatei per second. Engine

thrust is defined for various ratios of oxidizer and fuel, and

thus is found the optimum ratio which with a given propellant

- 19 -



consumption yields maximum thrust. Specific impulse is defined

as the ratio of thrust developed by the engine to propellant

flow rate per second, i.e., the aegreeate oxidizer and fuel

flow rate per second.

Specific-propellant impulse is but' liehtly dependent-on

the engine's design features. For this reason specific impulse

calculated theoretically is in good agreement with that. expert-

mentally determined at the stand.

To determine the propellant's performance parameters, by

computation we must know the composition and temperature of

combustion products formed in the engine's combustion chamber

at a prescribed pressure. If we know the composition oft~the

oxidizer and the fuel, i.e., the number of atoms constituting
their moleculeswe can write the equation of the combustion

reaction taking place in the combustion chamber and thus deter-

mined the composition of combustion products. For example,

if kerosene is burned in liquid oxyeen at a stoichiometric

ratio of components, the combuation reaction equation takes the

form:

07 H16 + 1102 -> 7C0 2 +8H 2 0

kero- oxy- carbon water
sene gen dioxide vapor

From this equation we can easily determine the amount of

combustion products formed, that is, the amount of carbon dioxide

and water vapor.

Since the amount of heat released by the formation of carbon

dioxide and water vapor is known, the overall heat generated by

combustion reaction also becomes known.

Such a simplified computation, however, gives only an appro.-

.imate answer to the question as to the composition of combustion
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products of the rocket propellant and its efficiency. When the

propellant burns in the engine's combustion chamber. temperatures

0
"of about 3,000 to 3,500 0re generated. At such temperatdres

"the fuel oxidizatI9n products -(carbon dioxide and Water vapor).

dissotpite. This process ip known as thermal dissoclation, The
combustion

higher the propellant. '-.-,-- temperat~ure, the 7rsater the rate

of Sas dissociation. The laiter forms a number of hew gaseous

substances such as carbon monoxide CO, nitric oxide NO, the radical

" OH, atomic and molecular hydrogen H and H12, atomic and molecular

nitrogen N and N2 and others. As pressure in the combustion

chamber Increases at the same temperature, dissociation-of co*-

bustion products decreases.

Thus propellant combustion in rocket engine combustion chambers

is associated with the formation of combustion products.whioh are

a mixture of various gases. Dissociation,, i.., decomposition of

complex molecules into simpler and lighter ones, on the one hand

lowers the temperature in the chamber since heat is being absorbed,

anid on the other hand it forms gases with a molecular weight smaller

than that of the initial combustion products. To compute the

temperature and composition of gases (propellant combustion pro-

ducts) is quite laborious. After this has beeoompletedo&, specific

impulse which' is. the basic: parainet8e:'orLthe efficiency of rocket

propellants, Is defined by the formula

'g -I L ..... "'. (1.)

where R is the gas constant, kg-cm/degrees, kg mole;'

T is combustion product temperature In the chamber, K;

k is adiabatic pressure index;
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P is pressure at exit plane of nozzle, kg/cm2 ;

p is combustion chamber pressure, kg/ca2 .

The

A Specific impulse calculated In the above fashion is ideal.

It could be obtained if there were no losses in the combustion

chamber or the nozzle. But since there.are always losses in

the combustion chamber and the nozzle, and their values are

usually known for eneines of speboific designs, actual specifia
to be

impulse is found the product of theoretical specific impulse

P times coefficient I which considers the losses in the
sp. th

nozzle and the combustion chamber;

where n

We see from formula (1) that specific impulse depends, on the

one hand, on the expansion rate of eases in the nozzle as they are

expelled from the engine, which is considered by the factor

~, (• ~-! and, on the other hand, on the type of propellant..

With. one and the same expansion rate of vombustion products in the

nozzle, specific impulse depends only on the characteristics of the

propellant employed. As is seen from the formula, specific impulsete

is the greater, the higher propellant combustion temperature; this

temperature, however, is proportional to propellant calorific power.

Hence the chief specification for a rooket propellant is high

caloriflo Rower.

Specific impulse is also proportional to the square root of

R (the eas constant of combustion products) which is RZ 848/.,

i.e., It is equal to the ratio of the universal gas constant to
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the molecular weight of the given eas. This means that with

calorifie'values sp ee6$fa.hpulse will be higher in those propellants

whose combustion product'. have a smaller molecular weight.

Thus,. the propellait "requirements specified earlier are Aov

also theoretlca~lly ooro1bora.4,O ,

ALL sio. oellanj ToyaiitIoM. The ohiof propellant efi-f-

cienoy characteristic for .the ballistic evaluation to the ranae

of the rocket or its maxmium velocity at th* ent eo the active

seotmor, i.e., at the instant of total propellant utilization. MaZi-

mum rocket velocity can be defined from the Tsiolkovskliy equation

(2)

where V Is rocket velocity at the end of active sector, M/6e00

IS Iss logarithm signl

g is acceleration of gravity, M/446 I

P Is specific impulse of engine operating with a given

propellant, kg sec/kg;

G is weight of propellant carried by the rocket at take-off,
p

tons; %

Gw.l is rocket weight without propellant, tons.

The weight of propellant in the rocket can be represented as

the product of mean specific propellant weight d and the volume of

rocket tanks Q:

Then the Tsiolkovskiy equation can be written

V 2.3&0 Ig(I

The, ratio of tank volume to dry weight of rocket is the rocket
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design characteristic (design index or weht quality indicator

of the rocket). On comparing rocket propellants with one and the

same weight quality indicator the latter can be set equal to unity

in the velocity equation. In so doing the Tsiolkovskiy equation (2)

permits to determine the effect of the propellant parameters alone

on maximum rocket velocity at the end of the active sector:

P ..
V=2,3 *t(1d1

i.e., the velocity of .. the same rocket propelled by different

fuels depends on two Indicators, specific impulse of propellant

and density of components. A propellant is all the more effective,

the greater its specific impulse and its density.

Computations show that for long-range rockets it is more em-

pedient to choose propellants with hi gh performance paraxs6ber,

i.e., propellants with high spe&ific impulses, even if their

density is low; with increasing rocket range, propellant.density

gains in importaoe.

Section 5. Propellant Supply Systems

Rocket propellant tanks are designed to hold the propellant

required for engine supply. From the tanks the propellant is fed

through conduits into the combustion chamber.

To inject the propellant into the combustion chamber, it must

be imparted a pressure in any case slightly higher than combustion

chamber gas pressure. Propellant pressure should, moreover, be

increased by a quantity required for its atomization and mixing,

and also by the amount of frictional losses and propellant whirls

in the lines. The propellant can be fed into the enSine either

by forcing it out of the tanks (pressure feed system) or by
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pumping it from the propellant tanks and creating the required

feed pressare in the lines behind the pumps (pup toe)o

In the foreur feed system the required pressure in the pro-

pollaut tanks can be achieved in various fashiops. The is, l ot f

oxa le, the gressure feed Ustoa wio, l.1Uid RX229118M Deggsure.

acuMulator (WP) Or, Wkt a gag Dr9du_91pA grain bottle .C~n)
Gas pressure feed sjst" (Fig. 5). From the tanks the pro-

pellait is dipplaced with a gas (isually air) and transferred

into the engine co,|bustion chamber. If air Is used, the fOe

system is called one with an air Pressure accumulator (AtA)

The vehicle carries the gas in a tank at high pressure (about
2

200 k/o).

From the high pressure tpnk the gas Is fed to the propellant

tanks throuagh a regulator which reduces gas pressure in the tank

to values required in the propellant tank and, moreover, main-

talse the propellant component tanks at a constant level.

The drawback common to all Sas pressure feed systems ls the

gas load of propellant tanks where during engine performance a
2

pressure of 10 to 15 kg/cm (which exceeds that in the combustion

chamber) must be maintained. This requires tanks with strong,

thick walls. Propellant tanks in rockets with gas pressure feed

systems are therefore very heavy and take up a considerable portion

of the vehicle's total weiSht. As combustion chamber pressure

increasesthe weight of propellant tanks increases as well.

Gas pressure propellant food systems are only used with

rocket power plants performing at combustion chamber pressures.,
2

not exceeding 20 to 25 ks/cM
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Fig. 5. Schematic of gas pressure feed system

1 - High pressure gas tank; 2 - Start valve; 3 - Pressure regula-
tor; 4 - Check valve; 5 - Unobstructed blowback diaphragm; 6 - fuel
tank; 7 - Oxidizer tank; 8 - Cutoff valves; 9 - Engine
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Fig. 6.Schematic of heat system-with gas producing grain bottle.

1 - Start valve with electric igniter; 2 -Gas producing~r a1n
i bottle; 3 - Gas reflector; 4 - Check valve; 5 - Oxidizer tank;

6 -Fuel tank; 7 -Pressure blovback diaphragms; Q- Engine

o **
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Zeg4 systeme with _ sas producing rain bott (FiS. 6).,

The propellant components are forced into the engine by a gas formed

by th• burning of a powder charge (..•4:L..c . Its volume is ,

eonsi4o;ably, smal.ler than that -of the gas &eOersto4 byq -its .urn,..

I s v*you if thsot s I* c mpressd to 4. proes. e ot 200 ksies...
Thus, 6as produoing &ain bottle* take up considerably less roop

thaa hlh pressure gas tanks if the amount of gas In the tank Is

6qual to that generated by the powder oh,1p(.•: . of the 8a

producing .rain bottle. Th. latter also weighs considerably leap

than a tank filled with gas at a pressure of 200 kg/cmZ

The Sas producing grain bottle is attached directly to the

top part of the propellant tank. The )rain is ignited by a

pyrotechnic explosion produced, In turn, by an electric spark.

DO"o1ioftae powder (shashka) is se regulated as to maintain

a constant pressure in the propellant tank during engine performance.

The gas formed by the burning powder Is qualitatively quite

different from that which forces out the propellant components In

the gas pressure feed system. Powder burns at a temperature of

about 2,200°C. The powder gases are fed into the-propellant tank

at a temperature of 800 jo 900°C. It is known that gas increases

1t6volume per unit weight as its temperature increases. Henoe

extrusion of ,., an identical amount of propellant components by

means of a gas producing train bottle will require less Sas than

If this is done by means of a Sas pressure feed system. Gas floa

will decrease. approximately by the same ratio as that by-which

powder gas temperature exceeds that of the gas in the pressure

-tank.

Powder gases are the products of.powder combustion. Since



povider contains less oxidizer than required for complete fuel com-

bustion, incomplete combustion products will hlways be present in

powder gases. Powder gases may finish burnin6 when they come in

contact with liquid oxidizers or yield explosive mixtures if they

mix at a certain ratio with oxidizer vapors. The use of gas pro-

ducing train bottles to feed oxidizer or monopropellant into the

engine is not always safe.

Since powder combustion is accompanied by the formation of a

reducing gas, i.e., a Gas in which the fuel is not completely

oxidized, the use of gas producing grain bottles for the feeding

of fuel into the engine is less dangerous. There is virtually no

chemical interaction between the fuel and the reducing gas. It

should be borne in mind, however, that powder gases enter propellant

tanks at high temperatures. Contact of these hot gases with certain

propellant components during pressurization may bring about the

decomposition of the fuel with concomitant- heat release and

the formation of gaseous products. For example, a fuel like

hydragine N2 H4 if heated to 4800 decomposes into ammonia, hydrogen

and nitrogen.

As with any pressure feed system, also here the tank walls

are subjected to heavy gas pressure loads. .Moreover, they are

additionally heated by hot powder gases. The strength of metals

sharply decreases with heating, hence when using Sas producing

rain bottles the propellant tank walls must be thicker than with

gas pressure feed systems, all other conditions being equil, and

the tanks themselves must be heavier. Gas producing train bottles

are used only with engines performing at low combustion chamber

pressures.
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Fig. 7. Feed system with liquid-propellant pressure accumulator

1 - Auxiliary propellant tanks; 2 - Gas generator; 3 - in
fuel tank; 4 - Pressure regulator; 5 - Main oxidizer tank;
6 - Compressed air tank; 7 - Cutoff valves; 8 Engine.
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propellent

Feed Systems with liquid pressure accumulators (Fig. 7). Liquid A

pressure accumulators are small liqdillreaction engines from which

propellant combustion products are fed into the propellant component

tank where they., are conaprjessed&- and force the component into the.

.main rocket engine.

If the propellant consists of two combustibles, then the

power plant Is provided with two liquid pressure accumulators,

one for pressurizing the fuel Avd the other for the oxidizer.propell1nt"

The design of a llqitidýpressure accumulator does substantially

not differ from that of a conventional liquid-]'opellant reaction'

engine. Hence the propellant must somehow be fed into the pressure

accumulator itself. This is achieved by forcing the propellant into

the-accumulator combustion chamber by means of compressed air from

auxiliary t;Mks as in the case of -*.3 pressure feed systeMb. The

combustion chambers Of liquid-propellant pressure accumulatord are

attached to the top part of the main rocket propellant tanks.

Liquid pressure accumulators for fuel and oxidizers operate

with the same propellant conponents bit the ratio of these components

is taken different depending on the puppose for which the pressure

accumulator has been designed. Accordingly, the composition of

gaseous combustion products expelled from the liquid pressure

accumulator combustion chambers will also be different. As a rule,

more oxidizer than necessary for the stoichiometric ratio is forced

into the liquid pressure accumulator combustion chamber. The same

is true in the case of fuel.

-The possibility of obtaining in the pressure accumulator a gas

with a different content of unexploited oxidizer or unburnt fuel

prepresents one of the advantages of liquid-propellant accumulators
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over powder accumulators which yield eases of identical composition

jrorpie~seurizinsoxidizers and fuels. For this reason, with

liquid-propellant pressure accumulators there is no danger of a

chemical interaction arislnag between the gas pressurizing the

oponOt and the component itself.

Performance of the liquid-propellant pressure acoumulator

combustion chambers with a propellant oomponAnt ratio far fron

optimal, i.e., operation with mixtures strongly enra4hed vWth

oxidisers or fuels# is required also for another reason. 0Q*-

bustion of rocket propellants generates temperatures or *bhut

3,000 to 3,500eC if the components are at a ratio at which there

is jUst enough oxidizer to fully oxidize the fuel until it forms

the final comroastion produots, carbon dioxide and water vapor;-.

If gas at such temperatures is fed into the rocket prpeIlMt

tanks, thetr walls will be strongly heated and may even bum out.

By feeding into the liquid-propellant pressure agoumulator .com-

bustion chamber a propellant mixture with an excess -"i one com-

ponent, the temperature of the easeous combustion products can be

lowered to magnitudes representing no hazard for the material of

which the propellant tank is made. Gas temperature in liquid-

propellant pressure accumulators does usually not exceed 1,000

to 1,20000.

A disadvantage of liquid-propellant pressure accumulators

"- Sas producing grain' bottles consists In. their relatively

complex design and the d&ffioulty, of obtaining eases with specific

parameters (pressure and temperature). Especially difficult to

obtain are gases with constant temperature. Slight changes in

the pressure at which the components are fed from the accumulator

tanks into its combustion chamber lead to abrupt changes In gas
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temp erature.

As in the case of gas producing .grain bottles, liquid-pro-

pellant piressure aoumulators should be used in engines with low

combustion chafaber prassures.

f

8

Fig. 8. Schematic of ti~rbopwnp f eed system

1 - High pressure gas tank; 2 -Pressure regulator; 3 -Hydrogen

peroxide tank; 4 - Vapor/§as generator; 5 - Fuel gas; 6 - oxidizer
tank; 7 oxidizer pump; d turbine; 9 - fuel pump; 10 - engine

-5~p.



Pump feed systems (Fig. 8) differ substantially from gas

pressure feed systems.

With this supply system propellants are not pressurized

by gases into the combustion chamber but are forced into it by ...

means of pumps driven by a special engine, the turbine, T7he

entire assembly (pumps .and turbine) is known, as the turbopum

unit. It is mounted between the propellant tanks and the rocket

engine combustion chamber.

As a rule, the turbine wheel is on the same shaft with the

working wheels of the fuel and oxidizer pumps. The turbine is

driven by vapor.gas. The amount of propellant fed by the pumps

is controlled by the number of turbine rotations. The pumps

create feed pressure in the feed lines connecting the pump out.

let with the engine inlet, whereas in the propellant tanks only

a low pressure (about 2 to 4 kg/cm 2) is maintained to improve

the intake of propellant from the tanks by the pumps.

The turbopump feed system does not require especially solid

and therefore heavy propellant tanks.

The vapor/Sas driving the turbine is derived either from a

special component which is not an engine propellant component,

or from components used by the rocket engine. Hydrogen peroxide

is frequently employed as a source of vapor/gas, obtained from

decomposing hydrogen peroxide in vapor/gas generators by catalysts•

which are substances promoting decomposition.

The vapor/gas generator is a chamber containing the' catalyst.

Hydrogen peroxide is fed into it and it decomposes into water

vapor and oxygen under liberation of heat. Liquid catalysts may
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also be us-ed for decomposing hydrogen peroxide, Ain which case

'the vapor/gas generator chamber becomes amingchamber forithe

liquid catalyst with hydrogen peroxide, and Athe decomposition of

the lattuu.

The vapor/gas thus formed has a temperature of about 450 to

5000. From the vapor/gas generator it is fed to the turbine which

it drives and is then expelled into the air through special outlets.

By using as vapor/gas the generator gas obtained from the

basic pvQpellant components, the power plant design can be appre-

ciably simplified. In this case the number of components to be

carried by the rocket can be reduced, and an auxiliary propellant

tank is no longer needed. Generator gas Is produced by an assembly

similar to the liquid-propellant pressure accumulator..

The temperature of the generator gas driving the turbine must

not exceed 700 to 80000 since the turbine blades cannot withstand

higher temperatures at which they fuse or lose their mechanical

stability. To produce generator gas at low temperatures the pro-

pellant components are fed into the gas generator at a mixing ratio

where one component considerably exceeds the other.
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Chapter II

• .• ' ' XIDIZMJ8

Section .6 LiquidOxYVen.

Liquid oxygen is a clear, bluish,.highly mobile :fluid,. BoIl-

Ing point at normal pressure is minus 1830O, temperature of solidi-

fication is minus 218 C. Critical temperature,' i.e., the tempera-

ture above'which oxygen can only be gaseous is minus 1180C. To

critical temperathre corresponds critical fluid pressure equal to

-49.7 kg/o 2 .

As an oxidizer of rocket propellants, liquid oxygen was first

proposed by K. E. Tsiolkovskiy in 1903. It is one of the most

powerful oxidizers because its molecule has no ba~ast atoms

(as does nitrogen, and others). Due to this, propellants based

on liquid oxygen are much more powerful and effective :them. .
and wiring

-thdose- .,z. .. based on other oxidizers. the same fuel.

Propellants with higher power factors are obtainable only with

the aid of such oxidizers as ozone, elemental fluorine and fluorine

monoxide which is a combination of oxygen and fluorine.

A conspicuous advantage of oxygen over other olidizers is its

*low cost .. which, on the one hand, is due to P.. the simplicity of

its manufacturing technique and, on the other, to its 'unlimited

availability. In fact, oxygen is one of the most widespread ele-

ments on earth. The overwhelming majority of compounds making Tp

the earth's crust are combinations of various chemical elements

with oxygen. The earth's crust contains about 49% oxygen. Water

is made up of 88.9% oxygen.

- 35-



In the water 4nd oxygen-containing solids, oxygen is encountered

in a chemically combined state, hence it! doriyaticq5•• r -

it associated with great technical difficulties andAoon-•

siderable energy output. The atmosphere surrounding our planet

also contains appreciable amounts of oxygen -- as an average,. 20.93%

by volume (23% by weight), 'the rest being taken up by nitrogen (78.3%)

and other gases (1.04%).

Air oxygen is not chemically combined with other elements, hence

its derivation requires no large energy output. Thus, the air is

the fundamental source providing us with gaseous and liquid oxygen

in large amounts. To obtain 1 m3 gaseous oxygen from the air re-

quires only 0.5 to 0.6 kwh. o The same amount of oxygen

obtained from water by decomposing It with electric current re-

quires 12 to 15 kwh.

Liquid oxygen was 1commercialY-profuci long before it, was

used in rocket technology. Liquid and gaseous oxygen were applied

on a large scale in a number of industrX branches. It Is used

for welding and cutting metals, pig-iron smelting, steel founding,

nonferrous metallur, in t2.e chemical industry and in medicine.

Large amounts of oxygen are used to convert low-quality solid fuels,

such as lignite, peat and shales to highly valuable fuel gas.

Large-scale utilization of oxygen in various branches of

industry as well as in everyday life has contributed to the develop-

ment of the large oxygen-producing plants.

Profct ion of Liquid Oxygen

As mentioned earlier, oxygen is chiefly taken from the air'



where it is combined with pther gases. To separate gaseous oxygen

from the other gases, of the atmosphere is a difficult process. Xt

is much simpler. to separate the gases of the air ina liquid state.
If a�iris cooled to a temperature of from -194 to -1 9 5, 0 i.

becomes a liquid consisting mainly of two liquid components' (oxygen

and nitrogen) and minor amounts of liquid argon, xenon, and other

gases. Table 1 gives the boiling points of substances being part

of liquid air. We can. clearly see that the boiling points of these

fluids differ noticeably from each other. Liquid oxygen and nitrogen

.Awhich account for the bulk of liquid air have boiling points

differing from each other by-some 1300.

Table 1

Boiling Points of Air Components at Normal Pressure

Chemical . itin-i',
Substance (formula,. "Oi,,--,PC'.

itrogen '.N -193.8
O --182,TL93

Arpon..................
Areon......................N -245*918
Nenon Re -2 9-SIHe -268.04

Vrel'ftKr -151.?
xenon ........... .X -109.1

j-192-124;

The process of cooling air to low temperatures, which

corresponds to lquiyfing _ ., is based on the property: of

gases to cool off very strongly as they expand. An efficient

and economic method of liquifying air was devised in 1939 by
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the Soviet scientist P. I. Kapitsa. Fractionization af liquid

air into oxygen and nitrogen is performed In so-called rectifica-

tion columns.

Liquid oxygen used in rocket technology as a propellant

ox4dizer must have an optimum degree of purity. Any kind of

impurity reduces the power factor of propellants based on it.

Moreover, some admixtures may bring about difficulties in its

storage, transport and application to rocket engines. Of the

admixtures available in the air and whose presence in liquid

oxygen is especially undesirable, dust, carbonates, acetylene

and some other organic compounds should be cited.

One m3 of air contains up to 0.01 8 of solid partiolls

(dust, soot, etc.). These solid particles may clog filters

when filling the rocket with liquid oxygen.. For this reason the

air used by the plant for manufacturing liquid oxygen is thorough-

ly cleaned of all mechanical impurities.

Carbon dioxide is an indispensable component of the air.

Its content ranges from 0.02 to O.08%by volume. Maximum con-

centration of carbon dioxide in the air occurs in industrial.

districts, the lowest -- in bural areas.

At normal pressure carbon dioxide solidifies at a tempera-

ture of -78.5 0 C. Consequently, in liquid oxygen, at a tempera-

ture of -183 0 C at normal pressure, carbon dioxide must be in a

solid state. Solid carbon dioxide 1dry iol7 has a certain solubi-

lity in liquid oxygen. In I liter- of liquid oxygen no more than

3.6 cm3 of carbon dioxide can be dissolved (converting to gaseous

carbon dioxide taken at normal pressure). Carbon dioxide portions

in excess of 3.6 cm3/liUe* are not fully soluble in liquid oxygen.
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A part of it will precipitate in the form of a solid deposit.

The presence of solid dioxide in liquid oxygen may be the cause

of the same complications during operation as those resulting from

solid Insoluble Impurities, such as soot, dust and other's.

Carbon dioxide in the form of solid particles is alwaysa

present In liquid oxygen. Even filtering cannot totally eliminate.

it since during storage of liquid oxy6en, because of Its intensive

vaportization, carbon dioxide will concentrate in It. There forms

a supersaturated solution, i.e., a solution of carbon dioxide In

liquid oxygen with a concentration in excess of 3.6 cz 3 /liter, and

the - scess of carbon dioxide precipitates. Hence, when manufao-

turing .liquid oxygen, appropriate measures are taken to reudoe to

a minimum the amount of carbon dioxide penetrating Into It from

the original raw material, atmospheric air.

Prior to liqu&fying the air from which the oxygen is taken,

It Is purified of carbon dioxide by lassing it thDough an alkali

solution (sodium hydroxide).

Purification of air from carbon dioxide Is also effected by

freezing the latter in special heat exchangems.-.

Organic gaseous substances, such as acetylene, ethylene and

other gases may also be encountered in small amounts in the air.

The presenc~f such substances in liquid oxygen is highly undesirable.

Indeed, liquid oxygen forms with organic substances explosive mix-

tures of great destructive power, extremely sensitive to varAous

influences from the outside (percussion, sparl4 etc.). Even the

smallest amounts of organic impurities in liquid oxygen create the

danger of forming explosive mixtures. This applies In particular to
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acetylene. Air is purified of the latter by pumplnM it after

liquification through silica 8.l filters. Acetylene remains on

the silica .el surface.

storage and Transport of Liguid Oxygen

The basic property of liquid oxygen which characterizes any

operation with it,is its low temperature, It is known that many

substances, both metallic and nonmetallic ones, abruptly change

their mechanical properties when cooled to low temperatures. At

liquid oxygen temperature, most metals considerably increase their

ultimate tensile strength, decrease viscosity and become extremely

brittle. Non-metals lose their elasticity at these temperatures.

Rubber, for example, becomes ds brittle as glass..

Fittings and containers for liquid oxygen may be made of such

materials as copper and its alloys, aluminum and its alloys, and-

stainless steel. Ferrous metals are unsuitable for operations at

low temperatures. Of the metals cited, aluminum and its alloys

have the best properties. Stainless steel has a higher strenglMh,

but it is considerably heavier than aluminum. Aluminum alloys hate

a lower density and thermal capacity than steel and copper alloys,

hence to cool the walls of aluminum containers to liquid oxygen

temperatures less heat need be removed. This results in fewer losses

of liquid oxygen when cooling aluminum containers prior to filling

than this is the case when cooling steel or copper containers.

As gasketing material in oxygen pumps, thlves and feed pipes,

teflon may be used.

Organic substances soaked in liquid oxygen (oils, sawdust

and wood shavings, rags, etc.) acquire explosive properties and a
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high sensitivity to external influence. Hence, prior to filling

the containers with liquid oxygen, all the feedlines and the con.

tainers themselves must be thoroughly cl-eaned and washed to remove

Sall impurities and to .soar the surfaces. Solvents such as chloro-

-form, methylene chloride, trichloroethyiene, and others, may be

used for de&reasin8 and cleaning oxygen containers.

Since liquid oxygen is continuously boiling, its long-lastind

storage leads to considerable losses .., due to. vaporization. Latent:

heat of Vaporization of water In 10.55 times greater than that of
2

liquid oxygen . bue to loy heat of vaporization and to the enormous

difference between ambient temperature and the temperature of

liquid oxygen, its vaporization proceeds at an extremely intensive

rate, .,. . ,

Liquid oxygen losses during storage can be reduced either by

providing containers with good heat insulation warranting a minimum

supply of heat to the oxygen outside, or by equipping the containers

with devices by means of which to compress (condense) the oxygen

vaporized and feed it back into the container. Storage of liquid

oxygen in containers provided with return condensation devices

will practically exclude oxygen vaporization losses.,

Double walls provide fixed. and mobile oxygen containers

with good heat insulation. The space between the walls Is either

filled with heat-insulating materials wth low thermal conductivity,

or air is evacuated from it thus creating a heat-insulating vacuum

jjtcket.. Vacuum heat._- insulation yields the best results with

regard to reducing -liquid oxygen vaporization losses, but it is

applicable only to low-capacity bessels since they are subjected

to ambient air pressure. In large containers the space between
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the inner and outer walls is filled with heat-insulating material.

The..oxygin industry uses as heat-insulating riaterials such

substances as slag wool1 mag•.esium carbonate, glass wool, eta.

Slag -woolis used chiefly for the heat insulation of oxygen

apparatuses employed 1in the production of liquid oxygen. Heat

insulation of containers (tanks and reservoirs) uses mainly

magnesium carbonate, a loose, white powder consisting of 55 to

60% )xgCo3 and 40 to 45% MgO. The heat-insulating properties of

magnesium carbonate depend greatly upon its degree of moisture.

With increasing molste content its heat-insulating capacity

drops, hence to insulate oxygen containers magnesium carbonate

with a moisutre content not exceeding 2.5% is used.

Liquid oxygen is stored and transported in tanks, being

A -
metal containers wilthAgood" heat-insulating layer attaining

300 to 350 cm and more in thickness. Tank capacity varies' from

0.5 to 50,000 23 . Pro~eots for reservoirs holding up to 1 million

tons of oxygen are known. Their insulation must be about 10 m

thick.

The magnitude of liquid oxygen vaporization losses during

transport and storage depends on the size of the tanks. Losses

in small-sue tanks average about 0.3 to 0.35% per hour, Tho

larger the tank, the samaler are oxygen losses due to vaporization.

In large stationary reservoirs (several thousands of tons capacity)

losses can be reduced to 0.6% per day.

Return condensation of oxygen vapors forming in the reservoir

can be effected by means of so-called helium coolers. The reservoir's
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top part (gaseous phase) is proýVided with coils through which

liquid helium circulates continuously, The boiling point of

liquid helium (-269 0  is considerably below that of liquid oxygen,

hence oxygen vapots ooming in contact with the heliqm-carryin.

pipes are strongly'cooled and condense ; from the coil pipes

the condensate flows back into the oxygen liquid phase. It should

be noted that such a method for fighting liquid oxygen vaporixa-

tion losses during transport or storage is quite costly.

To reduce the weight of rockets, oxygen tanks have, as a rule,

no heat insulation. As a result, oxygen vaporization losses during

filling may reach up to 50% of the filling weight. Such losses

in already filled rockets are also considerable. Thus, in a

2.3 - ton aluminum tank withou't heat insulation vaporization losses

amount to about 3% per hour. In tanks provided with vacuum

Jaokets oxygen losses can be reduced to 0.5% per hour, but such

tanks double their weight.

As soon as the oxygen tanks have beenifilled, the rocket

must be immediately started. If start is delayed for soae

reason, the oxygen tank must be continuously filled up to com-

pensate for th. losses due to v5poitsPni., -

Liquid oxygen can be cooled to temperatures below its

boiling point. Supercooled oxygen does not boil, hence until

it is heated to L te temperaturek-i83° its vaporization losses

will be negligible. The time during which oxygen warms up to
reach its boiling point depends 'on the degree of its supercooling.

Thus, if a 2.3-ton rocket tank is filled with oxygen supercooled

to a temperature of -193o, i.e., ten degrees below its boiling
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point, the rocket may. stand for 80 min without refilling the full

oxygen tank.. Durin5 this, period of time the oxygen in the tank

will increase its temperature by 100, whereupon intensive vaporlza-',:

tion will start anew.' Liquid oxygen cah'be supercooled by fluids
0

with a lower boiling point (liquid nitrogen, boilir7point -195 '
0

or liquid helium, boiling point -269 ) pumped through col1 pipes

fitted in the liquid oxygen tank.

Supplying liquid oxygen to the working site involves repeated

transfer from container to container. At the manufacturing plant

liquid oxygen from stationary plant, reservoirs is poured.into

mobile containers for shipment to the permanent storage slte.

From there it is taken to the launching site where it is filled

into the rocket. tanks. Liquid oxygen can be transferred from

one container into the other by means of pumps or by pressurizing

it with some gas. The most expedient one to create the required

pressure is gaseous oxygen.

Pressure in the container from which liquid oxygen is being

tranosferred. san" be breated in the, following two ways. First,

by intensive vaporization brought about by heating the liquid

oxygen in the container; second. a part of the liquid oxygen can

be taken from the basic container into special heat exchangers

where It is gasifiedwhereupon the gaseous oxygen is fed at an

appropriate pressure into the liquid oxygen container, The second

method requires no heating of the Lntire liquid oxygen mass but

there arises the need for addItional 'equipment in liquid oxygen

reservoirs (heat exchangers, fittings, etc.) In the first method,

the contact of gaseous oxygen having a certain expess pressure

with liquid oxyGen increases considerably the amount of gas bubbles
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in the latter. These gas bubbles are undesirable since they

lover the nean specific wei:3ht of liquid oxygen. Moreover, gas

bubbles in liquid oxygen disrupt the normaoperation of-pumps

fe6ding the iropellant into the engine combustion chambei.

When forcing liquid oxygen out of lar-e-size containers.

a constant rate of transfer can only be ensured4 by special devices''

regulating the flow of compressed gas into the container being

evacuated. This raises the production cost of reservoirs. This

cost Increases sharply as their size increases since In this case

the containers must be built strong enough to withstand the pressure

of compressed gas.

All of the above difficulties arisin6 when transferring liquid

oxygen from one container into another by pressurization are corn-

pletely eliminated in the case of pump transfer systems. Centrifu-

gal pumps ensure a rapid and rellablu transfer of liquid oxygen.

The pumps may be made of the same metals as ITquid oxygen con-

tainers, that is, .Aluminum alloys, bronze and stainless steel.

Liquid oxygen is virtually non-toxic (nbn-polsonous). The

oxygen vapors given off only refresh the atmosphere. Short con-

tacts of liquid oxygen with unprotected parts of the body also

entail., no hazards, in fact, the gaseous oxygen layer formed

prevents the skin from freezing. However, special care should

be given to the fact that no combustible gases concentrate near

liquid oxygen containers since their combination with oxygen

vapors may result in the formation of explosive mixtures.

It should also be carefully avoided that the clothes of
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the men operating with liquid oxygen not be soiled with oils or

other organic substances since contact of liquid oxygen with

such clothes may result in self-ignition and, hence, in traumas

and catastrophes.

Propellants Based on Liquid Oxjgen

Liquid oxygen used in rocket technology as an oxidizer must

have a concentration of no less than 99% by volume. The remaining

1% Is taken up by nitrogen and other admixtures.

7he chief characteristic of propellants based on liquid

oxygen as compared with other rocket propellants is their high

calorific value and, as a consequence, the high temperatures

generated in the combustion chamber of the engine. This high

calorific value of oxygen propellants creates great difficulties

in providing a reliable, cooling of the engine.

Oxygen engines use as a coolant only one propellant component

-- the fuel. Because-of its low boiling point, the second com-

ponent, liquid oxygen, is not yet used for cooling combustion

chambers, Oxygen propellants have an oxidizer content 2.5 to 3

times that of the fuel (e.g., kerosene). Relatively small amounts

of liquid are therefore required to cool the engine. Hence, in

World War II liquid oxygen engines driving V-2 rockets used as a

fuel component & mixture consisting of 75% ethyl alcohol and'

25% wAter. This fuel has an appreciably lower caloriflo value

than kerosene with oxygen, and forms a propellant with a relatively.

low combxstion'temperature. Moreover, the fuel-to-oxidizer ratio

in such a propellant was considerably higher than in propellants

using as a fuel pure alcohol, or, especially, kerosene compounds.
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It should be noted, however, that even for the V-2, operating
2

at a combustion chamber pressure of 16 kg/cm -cooling was 4 serious

problem. Modern rocket engines operate at combustion chamber

pressures several times the one mentioned above. Increased com-

bu.stion chamber pressure increases the efficiency of engine per-

"formance and reduces the weight of the power plant, but at the

same time it increases the heat liberated per unit volume of comn-

bustion space.

The large amounts of heat liberated per unit volume of corm-

bustion space by rocket engines operating with oxygen propellants

as well as other highly efficient propellants requires both Inner

and outer coolin6 of the engine. Inner cooling results in in-

complete combustion of the fuel, in the engine chamber, that part

of the fuel being ejected through the nozzle either in the form

of vapor or as incomplete combustion products. 7his lovers the

engine's efficiency manifested by a reduced specific Impulse.

The propellant component used for inner cooling must have

maximum thermal ckpacity and maximum latent heat of vaporization.

Kerosene has a relatively low thermal capacity and low latent

heat of vaporization, hence its rate of flow for cooling will be

very high. At combustion chamber pressures exeeeding a certain

value, Inner cooling of oxyGen-oll rocket engines with fuel will

therefore brin6 about such a strong drop in specific impulse that

it Is more expedient to use kerosene mixtures with fuels pro-

ducin5 less heat but having better cooling properties than

kerosene. 5ubstitution of highly calorific fuels with low

cooling power by fuels with somewhat lesser calorific value but

higher cooling power permits the removal of considerable amounts
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of heat already with external engine cooling. Ihis heat is not

lost for theengine but is returned with the component into the

combustion chamber. Consequently, increased external cooling

does not affect engine performance. Moreover, considerably less

fuel will be required for inner cooling because of improved cool-

ins power and because of an improved external cooling of the

engine.

In particular, such a fuel mixture was used by the Americans

to power the first stage of the "Vanguard" rocket which operated

with the following propellant: oxidizer, liquid oxygen; fuel, a

mixture of 95% gasoline, 4% ethyl alcohol and 1% silicone oil.

The latter is introduced in the fuel to lubricate the propellant

pump ,
the i

Xt the present timeAdifficulties in cooling liquid-propellant

rocket engines operating with propellants of hLigh heating value

are being successfully IYercoWe6 This makes it posaibla to employ

fuels with a high calorific value in liquid oxygen propellants.

The problem of cooling oxygen engines is somewhat simplified

if as the fuel component we use substances with molecules having a

higher content of hydrogen atoms. Hydrogen is one of the combus.ti-

bles with the highest calorific value, but its combustion tempera-

ture in an oxygen atmosphere is considerably below that of pther

widely used fuels. Hydrogen burning in oxygen liberates an amount

of heat equivalent to 3,210 kcal/kg at an Ideal combustion tempera-

ture3 of 4,1200 0, while oxycaLbonio propellants have a calclkifio

value of 2,130 kcal/ke at an ideal combustion temperature of

5, 9500C.
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Among the fuels with increased hydrogen content we cite,

in the first place, elemental hydrogen* then sUch compounds

as, ammonia, hydrogin. and its derivatives (methyl hr4*54 "s

dimethyl hydrazine and others. )., Liquid, oxyen propellants.

wjth such fuels have h1ih specflo impulso 4M doev"lop d4uawjr

their combustion comparatively low combustl1a, tetperatUwe.o

thus faoilitating the oooling of enstn400

geolion 7. Nitric-Acid Oxidizers

Oxidizers based on nitric acid are as widely used as liquid

oxygen. The rapid adoption by rocket teohnology of these

oxidizers in due, in particular, to the production of nitric said

(the basic component of nitric-acid oxidizers.) on an industrial

scale long before using It as an oxidizer of rocket propellants.-

Nitric acid boils at a temperature of+860 0 and freezes at

-41 0 C. Thus, under normal conditions, it is a fluid. This is

one of its advantages as a rocket propellant oxidizer over liquid

oxygen. The comparatively low temperature of solidification and

the high boiling point facilitate its sborage, transport and

transfer. Rockets powered by nitric-acid propellants can be kept

for a considerable time filled with propellant components. ThiS,

as we have seen, hag to be excluded in the ease of oxygen.

Nitric acid, however, also has substantial operational draw.

backs. It is expedient to use as rocket propellant oxidizer only
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concentrated nitric acid containing hno-more than 3 to 4% water.

But concentrated nitric acid has a loy chemical stability, hence

it decomposes durinS storage. Decomposition rate sharply increases

with increasing temperature.

Decomp6sition of nitric acid by the following reaction

2HNO 3 0 +122+ NO20

nitric water oxygen nitrogen
aoid peroxide

yields water, oxygen and nitrogen peroxide. As a result of

chemical instability its properties as a rocket propellant oxidizer

deteriorate on account of Increasing content of water which,

being an inert admixture, lowers the calorific value of the

propellant. If concentrated nitric acid is stored in hermetically

sealed containers, its decomposition increases the pressure in

the container following liberation of gaseous oxygen (decomposi-

tion of 1 kilogram of nitric acid yields 87.5 liters gaseous

oxygen). Hence the storing of nitric acid in hermetically sealed

containers is connected with some hazards, especially in the

summer,

But its main draw-back consists in its exceedingly high

corrosive act10ni0 3  with respect to nearly any substance. This

creates considerable difficulties in choosing the appropriate

materials for feedlines and fittings as well as containers for

protracted storage at bases and depots. Common rubber used

as gasketiz, material in valves and pumps does not with-

stand the action of nitric acid, it either dissolvestit)ini or

coarsens and thus loses its packing properties. With metals,
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concentrated nitric acid reacts In two staSes. First It acts on

the metal as an oxidizer reducing tt to an oxide, and then the

+ oxide,react•' with.nltrid5caci4 .in the saoe fashion as do metaJL

oxides with' othvý&acide;
1) 6HNk .+ 2ye 6 -+ 30 0

2)' P 6UN0 -0 2Ye(NO 3 +)R 0.~

this r•action with metals is precisely the reason for

its exceptionally high corrosive action. ,. Only noble metals

(gold, plat~num) are fully resistant to nitric acid. Technical.

metals, however, including stainless steels, aluminum and its

alloys, are highly corroded by it. Of the plastics, teflon resists

to nitric acid.

It should be noted that corrosion of metals in -niric ac'd

is considerably increased when the acid is diluted with water. In

fact, the acid is most corrosive when diluted. with water to a con-

centration of 30 to 35%. Hence nitric acid containers must be

thoroughly cleaned of acid residues since the acid draws water-

from •tho air and may therefore reach a concentration critical

from the viewpoint of corrosion.,and seriously damage the container.

Compared with liquid oxygen, operations with nitric acid are

further complicated by the acid's toxicity. Contact with the
..human skin provokes painful ulcers which take a long time to heal.

Therefore, if drops of nitric acid happen to hit the unprotected
be

parts of the body, they must immediately washed away with large

Samountsoof water or a 5% soda solution. Nitric acid vapors also have

a very harmful effect on man. TheIr toxicity is"10-times that of

carbon monoxide. Alt containing 200 to 300 parts of nitric acid,
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per 1 million parts of air irritates the skin and the eyes and

destroys the lungs.' Maximum permissible concentration ofnitria

acid vapors in the air where breathing is not dangerous yet,

is 10 parts acid vapors per I million partsoOf air*.

Propellants based on nitric acid have a considerably lower

calorifvalue than oxygen-based propellants. Hence they have a

lower specific impulse-in the engine. Combustion of 1 kilogram

of a mixture of nitric acid and kerosene at a stoichiometrio ratio

liberates about 1,450 kcal. Combustion of the same amount of an

oxygen-oil propellant yields about 2,500 koal.

Because of its low ehemical stability and the low calorifio

value-of propellants based on it, concentrated nitric acid has

a limited use as a rocket propellant oxidizer. It is chiefly

employed in compounds with nitrogen oxides.

Kixture of Nitrio Aoid with Nitric, Oxide!s ,__..j.

Under specific conditions nitrogen, reaotion chemically

with oxygen. Since nitrogen is an inert Sas, its oxygen compounds

are highn unstable. They easily react with combustibles and

oxi&se them.

Nitrogen forms with oxygen the following six compounds:

nitrous oxide N2 0, nitric oxide N*, nitrogen dioxide NO2 , nitrogen

trioxide N2 03 , nitrogen peroxide N2 04 and nitrogen pentoxide N2 05 .

Of these compounds only two can be used as rocket propellant

oxidizers, NO2 and N2O0 . The last oxides change easily into

one another. At increased temperatures nitrogen peroxide almost

entirely decomposes to nitrogen dioxide which has a dark brownish
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color; with droppinr temperature (0 to 50C) there occurs an

inverse process: nitrogen dioxide changes to nitrogen peroxide,

a light yellow fluid,

Propellants based .4n nitrie oxides have a consierably higher

calorific value than those based on concentrated nitric acid.

Thus, the calorific value of nitric, oxide plus kerosene pro,

pellant exceeds that of nitric-acid propeliants with the same

fuel by 13.5%. Yet, application of nitrk. oxides'as rocket

propellantoxidizers tuns into difficulties because of their

workirn6 characteristics.

The chief drawback of nitr". oxides is their high freezing

point (-11C) and low boiling point (2200). However, they ,

have turned out to be valuable in compounds wtth nitric acid,

with which they form homogenous mixtures. These compounds have

a number of advantages over nitric acid and pure nitiltQ.- oxides

from the viewpoint of both power and performance. Nitrq.%:: oxides

were foLmd to be good means for chemically stabilizing nitric

acid. With a content of 15 to 20% nitric oxides the. acid virtually

becomes chemnsally stable in a wide range of temperatures. Thus,

there is eliminated one of the serious shortcomings of nitric

acid, its chemical unstableness.

Nitric acid density is 1.51 kg/liter, that of nitric oxides

• 1.47 kg/liter. Compounds of nitric oxides and nitric

acid har,. a density considerably greater than each of its com-

ponents individually. Thus, a :oappound of 20% nitric oxides

and 80% concentrated nitric acid has a density of about 1.63

kg/liter, 8% in excess Of nitr~a acid, and about 11% in excess
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of nitric oxides. The 6reater denstty of nitric acid and nitric

oxide compounds as compared with the densities of the substances

taken separately makes the compound more valuable as a rocket

propellant component.

An increase in the density of a compound of two substances

with respect to the density of each substance taken individually

can only occur If in mixing these substances they interact with

each other and form a new compound. In fact, nitric oxides as

they dissolve in nitric acid re x¢t with the latter and form

molecular compounds of the form N2 0 2HNO3

ITo evaluate the operational properties of rocket propellants

the magnitude cf their vapor pressure at ambient temperature is

of great importance. The lower vapor pressure of the component

at temperatures to which it can be heated during storage, the

more convenient it 4s in operation. Nitric oxides have a fairly

high vapor pressure at ambient temperature (at a temperature of

500 C the Vapor pressure of nitric oxides is 2,600 mm He). For'

this reason they are usually stored in carboys built to with-

stand high pressures. The nitric oxide and nitric acid compound

must have a pressure higher than that of concentrated nitric acid.

But since intermixin6 of these two substances yields not a simple

mechanical mixture but a molecular compound, vapor tension in the

mixtures does not rise proportionally to the increase of the easily

boiling component (nitric oxide) contained in it but -1o a con-

siderably lesser degree. Thus, in nitric acid containing 20%

nitric oxides vapor pressure of the mixture at 20 C should be,

were it a simple mechanical mixture, 215.2 mm HS. Actually,

however, it is 168 mm HS. The relatively low pressure of saturated
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vapors of nitric-acid oxidizers facilitates tWeir storage and

operation in rocket engines.

"By adding nitric oxides. to nitric acid, the boiling point Is

, someihat lowered. 7hud, 20% nitric oxide solutions in, nitrlc-ý',

'acid boil at a temperature of albout 50PC, whereas pure nitric-'ý

acid boils ont3 at 86WC. Lowering of the oxidizer boiling point

deteriorates its operational properties, but at the same time

nitric oxides considerably lower the temperature of solidification

of the oxidize r) j appreciably improves its operational oharaq-

teristics. The temperature at which solid particles precipitate

from a mixture of nitric acid with 20% nitric oxides Is ".70PC,

whereas concentrated nitric acid freezes at a temperature of -41°0.

The power factors of propellants based on nitric-acid oxidizers

are also higher than those of propellants based on concentrated

nitric acid. The calorific value of the propellant and, hence,

-specific impulse increase in proportion with an increasing nitric

oxide content in the oxidizer. Hence, from the viewpoint of

.improving the propellant power factors, it is desirbble to have

nitric-acid oxidizers with a maximum percentage of nitric oxides.

Yet, a high content of the latter improves the oxidizer power

factors, on the one hand, and deteriorates some operational

characteristics (lower boiling point, increased vapor tension,

etc.) on the other. In practice, therefore, mixtures are used In

which nitric oxide content does not exceed 25 to 30%. Nlitric-

"acid oxidizers used in the USA contain 4, 12 and 22% nitric oxides.

Toxicity of nitric oxides Is about the same as that of nitric

acid, but because of greater volativity of the former, they in-

crease the hazard in handling nitrlc-acid~pxidizers.
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Corrosive power of unhydrous nitric acids is considerably

lower than that of nitric acid... But their admixture to nitric

Acid, though it does not increase the corrosive power of the

latter, does virtually not reduce it. Te chief ahortconin5 of

nitric acid as rocket propellant oxidizer, Its high corrosive*

power with respect to all construction materials, remains un-

changed also when using oxidizers containin5 a high percentage

of nitric Ozides."

Protctlon of Metals Aiainst the Corrosive Action of Nitric-Acid
"Oxidizers

It was said earlier that the chief drawback of oxidizers based

on nitric acid is there corrosive action. This fact causes con-

siderable inconveniences in storing them or using them in rocket

engines.

Attempts to protect the metal a6ainst the oxidizer's destructive

action by coating its inner surfaces were unsuccessful. Even the

slightest flaw in the protective coating through which the oxidizer

can contact a small metal section of the container wall leads to

a fast destruction of that section. The application of hljh-quality

coatings to the entire metal surface to be protected a6ainst the

action of the liquid and gaseous phase of the oxidizer turned out

to be an extremely complex endeavor.

An effective means to reduce the rate of corrosion, of theT'metals

in nitric-acid oxidizers are special known as inhibitors.
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For nitric acid and oxidizers based on It, sulfuric acid H SO can
2 4

be used althougoi -th- latter Is of itself quite aggressive with

respect to metals. Nonetheless., -mixtures of nitric and sulfwuii
acid bare a considerably loveri corrosive actlon than each, acid

taken separately.

his fact can be explained as follows: sulftric acid Teac'te.,:

with the metal of the container wall forms a sulfate. If the, con-

tainer is made of ferrous metal, Iron sulfate Fe 2 804 is formidl

accordingy,. aluminum containers yield aluminum sulfate A1 2 (s0 4 ) 3 ,

eta. Sulfates are weakly soluble in nitric acid and its mixtures

with nitric oxides. The reaction yielding sulfates takes place

directly on the container walls. Because of their low solubility

In nitric acid and nitric-acid oxidizers, these sulfates remain-Q.

the container walls as. '" .. r'soray . sort of a protective

film preventing direct contact between the metal wall and the nitric-

acid oxidizer. As a corrosion inhibitor for nitric-acid oxidizers,

sulfuric acid is effective only if its 'lontent in the oxidizer

exceeds 5 'to 10%.*

While the admixture of sulfuric acid to the nitric-acid oxidizer

reduces its corrosive action, it also Impairs other properties of

the oxidizer. Sulfuric acid Is no oxidizer (its molecule lacks

active oxygen since all the oxygen atoms are bound with "combustible"

sulfur and hydrogen atoms), hence its presence In nitric-acid

oxidizers leads -to an Inadmissible reduction of the latter's power

parameters.

Having a boiling point ('336 C) higher than that of nitrio

acid, sulfuric acid is almost non-volatile, hence mixed with a
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nitric-acid oxidizer it does virtually not enter Into the -oxidizer

vapors. Its effect as a corrosioninhibitor Is therefore confided

only to the fluid, whereas corrosion rate'of container walls'ex- '

posed to the action of oxidizer vapors remains as high as with j

oxidizers without sulfuric acid,

In nitric-acid oxidizers, sulfuric acid yields large amountt

of precipitates, metal sulfates (of the metal of which the container

Is made) diffLbultly soluble in the oxidizer. #he accumulation

of these deposits may result in an obstruction of feedlines and

valves during the transfer of the oxidizer, the filling of rocket

tanks and, most Important of all, during, . ' engine performanoe

In flight. Small deposit particles which have gone through the

filter during the filling of the rocket with oxidizer, or which

have formed in the oxidizer tank itself, may clog the engine's

manifolds.

Oi'thophosphorio acid H13 P04 is another a2a'6,4.'. which reduces

corrosion rate of metals In nitric-acid oxidizers. The protective

action of this acid manifests itself *ith concentrations in the

oxidizer considerably q1eaKav than those of sulfuric acid. In

fact, only about 1% of this acid need be added to the oxidizer.

Like sulfuric acid, orthophosphorio acid is an inert constituent

of the oxidizer since its molecule lacks active oxidizer atoms

(oxygen) or active fuel atoms. The power factors of oxidizers

Inhibited with orthophosphorto acid are less Impaired than those

inhibited with sulfuric acid since the latter must be added to the

oxidizer in portions 5 to 10 times greater than those of ortho-

phosphoric acid, wi•k , however, has nearly all the short-
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oomings of sulfu3',o acid, such as formation of deposits in the

.O34id5l, absencecof -afn Inhibitin8 sotion In the gaseous pbh&#,

* e. corrosive action of nitrio-apl4 oxidlaprs is4'*-.lor

red4ijo, by' hydrogen. fluoride HY. Under norml vl@ilwstiaioe@ this

Is a. hi6h4y toxic 5Rs, well. soluble In vster. Addedl at a rat*

ot 0.5 1to Q% to the nitric-&oid oxidlsor, It shep'p" weduoeq

its ooarroslv aotion a-a.nst aluminum and Its s oys. A t!a

and extremely resisnt film of aluminum fli~orlde AliP f0ons on
3

the walls of aluminum containers. ,This film is an excellent pro-

tection of the metal against the corrosive action ot.-itrlo-aold

oxidisers. 'Hydrogen fluoride has a fairly low boiling point,

(2000), hence It Is present aa'*s. gas In amounts

sufficient t oform the protective fi1m on that portion of the

"+ container surface which is not washed by the fluid, Ttis property

gives it. a . g a reat advantage over such inhibitors as

orthphosphorio anid sulfuric aoi&.,

Since hydrogen fluoride protects aluminum and it. alloys

against oorrosibn not only as a fluid but also as'a vapor, no

deposit. are formed in nitric-acid oxidizers inhibited by this

substance duringextended storage in aluminum or. al~minum-alloy

containers.

Contact +ofglass parts (e.g., measuring tubes of containers)

or v. materials containing a high percentage of silicon, with

nitric-acid oxidizers containing 0.5 to 0.7% hydrogen fluoride

must not be permitted,, sinc it. react. with. * ,- .

.... ... . . * silicon (glass has a. high content
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of silioon dioxide):in the $o 1owinS fishion:

BIO2 + 4HF- SIF4 + 2K2 0.

11icon fluoride formed here volatilizes since' at ambient

temperature It is a gas. The reaction between hydro6en fluoride

and silicon-carrying substances contines until one of the oou.

ponents participating in this reaction has not been completely

exhausted,

There exist, in addition to those mentione&, also other ad.

ditives which reduce corrosion rate of metals in nitric-aoSA

oxidizers.,

PtD .lts. Based on Nitric-Acid Oxidizers

Two types of propellants exist in this classt jngmjj

and hypergoljga

-Nitric acid is a chemically active substance which at normal

temperature reacts with most organic and inorganic combustibles.

The heat liberated by this reaction causes self ignition of mix-

tures~of nitric aoid'.with certain fuels.

Not all the fuels Igniting on contact with ni tric-acid oxidizers

can be used as components for hypergolic rocket propellants. Prac-

tice shows that the only suitable ones are fuels igniting no

later than 0.03 sec after mixing with the oxidizer. With greater

ignition delay time the fuel can no longer be used as a hypergolle

in liquid propellant reactive engines, which . must then

*be started with special Ignitors.

The requirement that hypergollc propellants have an ignition

delay no longer than 0.03 sec In dictated by the peculiar charao-
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teristio of startin5 reactive en8ines. No special Ignition

devices are provided for the start of enaines with hypersollo

propellants. The components (fuel and oxidizer) are admitted to

"the ohamtber where they come in contact with each other and produo .

ignition vhich marks the. begLinning of engine performanoe. If the

time required for the Ignition of the propellant after 'uixi• -

".dLdeds-:0*03-aeq:, AIawai:,aio itiof 06elh *4matiý.a~

*engiue uhwambq, -- -

-.'Un6'. •IitiOz;,: pressure In the chamber rises'abruptly.

This may lead to knocks or even to the explosion of the engine.

Amines may be used as hypergolic propellant components. At a

rule, however, they I6nite spontaneously with nitric-acid oxidizers

with an .ignition delay period exceeding 0.03 sea.' On the othir

hand, mixtures of two or several &mines have, for the most part, an.

ignition delay period shorter than any of them taken separately.

Widely known is a fuel called "tozka3 (German name) which, with

nitric acid and its compounds with nitric oxides, forms a hyper-

Solo propellant. "Tonka' is a mixture of two amines, triethyl

amine and x0lidine.., Its Ignition delay period after mixing-with

nitric-acid oxidizers does not exceed 0.03 sec even if the tempera-

ture of the components is lowered .to -_40C.

Besides ;pines, some other substances can also form hypergolic

propellants with nitric-acid oxidizers. Fuels such as hydrbgen

and Its derivatives, In particular unsymmetrical dimethyl hydrasinep

are spontaneously Ignited with these oxidizers with particular ease.

Ignition delay period of dimethyl hydrazine mixed with nitric acid



Is one-tenth of that mixed with "tonka".

Studies are being conducted in the USA with mixtures of

diaothyl hydrazine and hydrocarbon fuels (of the aircraft ,fuel

t ?.*). These mixtures are spontanecuslya l ited on: contaQt

with ntric-acid oxidizers with an ignition delay period peir.

misible for reactive engine operation*

"Ignition delay period of hypereolli nitric-acid fuels depends-

"to a great extent upon the temperature of components and water.

content of the oxidizer. A drop in component. temperature and

an increase .In oxidizer water content results 1i an increased

ignition delay period. By increasing the chemical aotivity*of.

their components, the ignition delay period of hypergolic pre-

pollants can be reduced. There Is known a series of 7adi*4tiver-

to nitric-told oxidizers and fuels whiohreduooe that period. Tbige'Ire

sulfuri. &old HR50 4 , ferria chloride *e01 3 . iron nitrate Fe(NO),,

.and ooppor saZts, oa.ic to~~
•::.e'..••' "'.:. -t." ,' :• Igrnition delay perilod Is stroiily* reduced

and combustion rate of propellants baed on nitrio acid is strong-

ly ineroased by permantanates which are powerful oxidizers,,

While hyperSolio propellants facilitate the starting. of

engines and somewhat simply their design, they complicate the

operation of rockets. Spilling during rocket fillng or leaks

in the feedlinbes of the power plant may easily lead to fires.,

Hence operations with hypergolic propellants must be performed

under especially careful safeguards to prevent their ooippnentt

from mixing accidentally.

With nitric-acid oxidizers, fuels not forming hypergolle A

propellants may be used. Such are, e.g., petroleum products.
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For the start of engines operating with such propellants, special

fuels are required. Fuels igniting spontaneously with

nitrio acid, such as-, e.g., "tonka" , may be used as ignite~rs,

The fuel component Igniting spontaneously with nitric-acid oxidizers

Is' filled I nto the rocket In amounts required only to produce,

the ignition torch in the combustion chamber.

The cooling of engines powered by nitric-acid propellants does

no~t encounter the difficulties mentioned In discussing propellants

on the base of liquid oxygen. The former have a lower oalo'ifio

value than the latter (e.g'., kerosene produces with oxygen a

propellant with a calorific value 1.8 times 'tha't of the one formed

with an nitric-acid oxydizer). An a result, a heat flow of lesser

Vagnitude is transferred thropigh the combustion chamber walls.

Nitric-acid propellant engines can, be cooled with fuel, oxidizer

* uid ,with bot~h' 'emOne~t -5eta9--tan~.jl. if separate pockets -for

the fuel and the oxydizer are provided in the jacket space. Thus,

large amounts of coolant are available for external .oooling in

nitric-acid propellant engines,

Nitric acid and its mixtures with nitric oxides have a good

cooling power. Because .of. the comparatively small amount of heat

liberated per unit volume of 'combustion space in medium and large-

size nitric-acid propellant engines, however, they can only be

cooled with fuel irrespective of the fact .that the amount of

oxidizer filled into the rocket is 3.5 to 4 times that of fuel.

Small engines of the type above with a thrust of about 1 to 3 tons-

cannot be sufficiently effectively, cooled with fuel alone. For

this reason oxidizer is Used ;as a coolant.
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Section.8.... Hydrogen Peroxide

"Hydrogen peroxide H 0 has. been manufactured Cume'q*. i...
22.

-:'oiallyi for over 70. years. Its easy decomposition by the a~tion

of various' kinds of impurities was responsible for its production

as a 35% solution in water. Production of s14tsonger- oonoentjat..

began only shortly before World War II in connection with the'

development of rocket technology- England' and the USA'have re-

cently been producing,90- an&,-99 a%, y'droei ,pei oxide ' .7• o cooW-' ý,

Yo st widespread in rocket technology are aqueous. 4ydrfge peroxide

csofuitlovs Saf and :9D :& thnt. Safe handling of concentrates

of such strength could be warranted by adding to them special sub-

stanes:aled.:•&bil.es.he chemical stability of hydrogen

peroxide can be sharply increased by adding to. it phosphoric,

aootio or oxallo acid, hydroxyquinoline, eta,. An indispensable

condition for chemically stabilizing hydrogen peroxide in also

its purity. Negligible Impurities bring about its decomposition.

Hy~rcgqn--peroxide.{IO2:0% -atrun~th-).L is a clear liquid,

solidifying at a temperature of 1.7 C'and boiling (with de-

composition) at a temperature of 150•C. 'I't mixes with water

at any ratio. If diluted with water, its temperature of solidi-

fication drops. Thus, an 80% solution in water solidifies at

a temperature of -220 C. Hydrogen peroxide makes It possible-

to obtain oxidizers with even lower temperatures of solidification.

A mixture consisting of 6% water, 40% ammonia nitrate NH4 NO3 and

54% hydrogen peroxide has a temperature of solidification of

-40oC. A characteristic feature of hydrogen peroxide and Its
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aqueous solutions 1.0 a tendency to supercooling. In facts It

may be supercooled to 20 to -Oo0 below solidifioation temperafkre.

O 4•4,1-4 WV a 'I& -a liquid -stat*'fo a & len,4eriod of tUn.e,,

Hydr'ogen peroxidd,..i, obtad bi absorbin beat fioasthe suromd-

IRS medium. Conversely, It liberates heat as it decompose.

Stability of hydrogen peroxide decreases as its concentration

Increases. However, the compound always.decomposes to some degree,

whatever the storage conditions. Decomposition rate espeolally

Increases as the temperature rises. Some substances, such as

copper and its alloys, lead, and others, accelerate the decomposi-

tion process of the peroxide." Other materials, such as carbon

and stainless steel, also accelerate the decomposition of the

compound although at a lover rate than copper and lead. The

decomposition of the p-eroxidf in contact with metale and non-

metals depends not only on their chemical.composition.but al&s on

the condition of their surfaces. Scratches, biire and defeats

cause hydrogen peroxide to decompose at an accelerated rate.

The material best suited for apparatus operating with hydrogen

peroxide is pure aluminum. As packing materials, teflon, fully

halogenated polyethylene and (at moderate temperatures) polyethylene

can. be used.

Priorto'filline, containers undergo a special treatment

(wassivation ) to remove any impurity whlch could accelerate the do.

composition of the compound. After this treatment the containor

is rinsed with a weak solution of hydrogen peroxide.

Eyen if stabillzed wlth speciaijadmiitdtes, hydid0en peox'do,

decomposes continuously and liberates gaseous oxygen. In the
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case of storage In. hermetically sealed containers,preosuri. wi•kin may

therefore bWill ut -tq dangerous loy'els. For this reasonf

•he-•oMa.aew jp vrOy44ed:. with safety valves w4ich 6porato-

as soon as pressure within the container. rises beyond the permissible-

level. In designing fittings, feedlines and containers for the

peroxide, units where it could stagnate or impurities such as

corrosion products could accumulate are carefully avoided. Such

impurities may cause the hydrogen peroxide to explode,

Although the corrosive action of hydrogen peroxide isweak

compared with that of nitric acid, some materials are noticeably

corroded by it. C8-osi&n o2'.iia•i, t 4  *tthe Joints be-

tween different metals in contact with the peroxide. In this

case there forms an electrocheaaical pair to eliminate which the

metals In the peroxide are connected with plastic lining. This

eliminates electrooheuical dlisobltng_,f :%he. Metal.

Hydrogen peroxide is explosive and inflammable, the latter

property being due to its high oxidizing power. Many organic

substances (fabric, paper, oils) burn on contact with concentrated

hydrogen peroxide. It is stored in places away from dwellings and

other buildings.' Reservoirs must be kept'clean, storage of

combustible materials In them is inadmissible.

The explosiveness of the liquid is due to its continuous de-

composition with liberation of gaseous oxygen and also to the

fact that Its vapor may readily explode if acted upon from the

outside. Decomposition rate increases with -rising temperature,

and the decomposition process itself releases heat. Thus, the

rate of decomposition reaction initiated by some impurity may,

because of heating, attain dangerous magnitudes after some time.
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case of storage in hermetically sealed containers,pressureýrwlUini may
heroforl- bWtill ujp .t dangerouas.2e1e. For this reason -

)"0e•w t4ex -PlrOy.4d with safety valves vwt;ih 6perato.'.

as soon as pressure within the container rises beyond the permissible"

level. In designing fittings, feedlines and containers for the

peroxide, units where It could Staginate or impurities such as

corrosion products could accumulate are carefully avoided. Such

impurities may cause the hydrogen peroxide to explode.

Although the corrosive action of hydrogen peroxide Is,Weak

compared with that of nitric acid, some materials are noticeabl7

corroded by It. Caftosj.n i'4 '$sIy t4 Atthe Joints be-

tween different metals In contact with the peroxide. In this

case there forms an electrocheaical pair to eliminate which the

metals In the peroxide are connected with plastic lining. This

eliminates eleotrochemical disbktilg.n,6f lthe. metal.

Hydrogen peroxide is explosive and inflammable, the latter

property being due to its high oxidizing power. Many organic

substances (fabric, paper, oils) burn on contact with concentrated

hydrogen peroxide. It- is stored in places avay from dwellings and

other buildings. Reservoirs must be kept'clean, storage of

combustible materials In them is inadmissible.

The explosiveness of the liquid Is due to its continuous de-

composition with liberation of gaseous oxygen and also to the

fact that its vapor may readily explode if acted upon from the

outside. Decomposition rate increases with -rising temperature,

and the decomposition process itself releases heat. Thius, the

rate of decomposition reaction initiated by some impurity may,

because of heating, attain dangerous magnitudes after some time.
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At 1750C liquid hydrogen peroxide decomposes itststljy I.e.w thi-decomposi.

tion process becomes explosive. Hence, when raising the temperature

of hydroQen peroxide above ambient temperature by 5 to lO°C an

additional amount of stabilizer must be added to it in order to

reduce the intensity of decomposition. Should this not stop

further evolution of heat, water should be added, Hydrogen peroxide

diluted to 50% becomes completely explosion-proof,

Liquid hydrogen peroxide has A low sensitivity to Igpaot and
0

blasts. At ambient temperature (20 to 25 C) a concentrate up to

99% does not expiode from the effect of a primer.

Under service conditions explosions may happen in usin6 hydrogen

peroxide in the engine when blasts occur in the combustion ohamber.

The blast wave may bring about an explosive decomposition of the

peroxide In the feedlines which mk*y spread to the peroxide tanks.

Hydrogen peroxide vapors are considerably more explosive than

the liquid,
Zxplos5on of oaturýted vapOrs of witer d~lutes of hydrooen per-

oxide from external, stjeujatjOn(sparks, heating, Impact, *to,)

occurs If the vapor contains 30 to 4~0% peroxide. Such a concentra-

tion in vapors from80 to 85%'liquid peroxide is possible only if

the latter is heated up to 120 to 1250C.. Such temperatures under

storage and transport conditions are seldom attained.. However, a

great explosion hazard may arise in the case of fire of the reservoir

when the liquid is heated to dangerous temperatures.

Fuels Based on Hydrogen Peroxide

since a hydrogen peroxide molecule contains a large amount of
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active oxygen, the .peroxide may be used as. an oxidizer of combustibles.

Moreover, decomposition releases heat energy which may be converted

to work.. Hydrogen peroxide may therefore be used aiso as an oxi-

dizer of b2propellants or, by itself, as a monopropellant,

Table 2

Power Parameters 'of Some Propellants
Fuel: Kerosene, Pk - 20 kg/cm2 . Pei- I kg/cm

Oxidizer- Specific Combustion Specific
Oxidizer to-fuel weight of tem erature impulse

weight fuel mix- C kg sec/kg
ratio ture .

Liquid oxygen 2,25 1.02 3000 250

85% hydrogen
peroxide 8.5 1.28 2300 230

Nitric acid 5.0 1.4 2600 230

We see from the table that. in terms of specific impulse

fuels based on hydrogen peroxide are not inferior to nitric-acid

fuels while having a considerably lower combustion temperature.

In fact,their comparatively low combustion temperature Is their

great advantage over other fuels. Another positive aspect,.OfC.

hydrogen peroxide is its relatively high density, which is higher

than the density of oxygen fuels but lower than that of nitric-

acid ones.

Because of its low corrosive action and volatillty, hydrogen

peroxide i,s simpler to store over , long periods of time in rocket

tanks than is nitric acid or liquid oxygen. This is of paramount
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importance in the operation of rockets which must be ready to

launch at any time.

The fact that-hydrogen peroxide decoaposes In the presence of

catalysts permits to have engines operating with that oxidizer

without a&peoial start i6niter. Instead, the engine can be started,

by so-callsd thermal starting. Hydrogen peroxide is fed into a

precombustion chamber (a small .space connected with the main

combustion 'chamber), where, reacting with a catalyst, itde 9 om-

poses. The hot gaseous decomposition products are fed into the

main combustion chamber into which, after bjtilAg-up.in:.it•

pressure required for normal fuel combustion, fuel is injected.

Thermal igniting is less dingerous than any other form of

ignition of rocket engines (pyrotechnical, chemical, electric

spark, oet.).

Starting of the rocket engine is the most dangerous operation

stage which frequently ends up in the explosion of the engine' itself.

Explosions may ooour not only in the case of premature ignition,

as mentioned earlier, but also in the oase of malfunctioning fuel

or oxidizer cutoff valves. If these valves are not tight, pro.-

pellant components flow into the combustion chamber prior to start-

ing and accuaelate there. At start, pressure sharply increases

and the engine explodes.

In the case of thermal Ignition, instead, the gaseous d ecomposi-

tion products of the peroxide admitted from the relatively small

precombustion chamber to the main combustion chamber expell from

the latter any fuel which may have accumulated 1here at start.
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Thus an explosion of the combustion chamber becomes virtually im-

possible. Safe rocket en6ine starting Is of particular importance

for manned vehicles.

Hydrogen peroxide-forms an anergolic fuel with alcoholS and

kerosene, and a hyper6olic - ana with hydrogen and hyhte h adr,,t

In World- WaO_. II, German air interceptors were powered with a

fuel. consi sting of hydra,• ne hydrate + hydrogen peroxide..

The latter is no longer used as an oxidizer of rocket propellants

at the present time, since with peroxide ,.ooncetratXob•..• -

piowerI'ul th.." . based on oxygen and nitric acid with

nitric oxides. However, once operations with 100% hydrogen pero.e

xide will become technically possible, its-application as a com-

ponent of the basic propellant is not to be excluded. Computations

show that propellants based on 100% hydro6en peroxideare not bin-

,ferior, as reeards density, to propellants based on nitric-aoid

oxidizers (nitric acid +22%• nitric oxides) and exoell them by

7 to 9 kg sec/kg specific -impulse..

Hydrogen peroxide Is widely used to obtain tapor/gas for turbo-

pump feed systems of rocket engines. Propellants for the operation

of TUT;havA the following specifications: " sufficiently high

power factors to. ensure with minimum rate of flow the operation of.

pumps; a relatively low combustion temperature. Most wide-

spread in use as a monopropellant driving turbopump units is 80 to.

85% hydrogen peroxide. Decomposition of 80% peroxide liberates

vapor/gas at a temperature or 450 to 500OC. Besides hydrogen

peroxide, a catalyst is used to obtain vapor/gas. Decomposition
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of one kilo6ram of peroxide requires 0.05 kg of liquid catalyst

oonsisting of a 35% alcohol solution of NaMnO4 (sodium permanga-

nate). =

Maximum temperature permitted for the safety of turbines Is

1.5 times higher than decomposition temperature of a hydrogen

peroxide solution of 80% strength. Hence,' to economize peroxide

consumption, aqueous solutions of 90% strength are now being used

In England and the USA. These solutions have a higher decompost-

tion temperature and, consequently, a higher energy content per

unit of welght,

The power factors of monopropellants based on hydrogen

peroxide can also be increased by preparing mixtures containing,

in addition to peroxide and water, such fuel components as ethyl

alcohol, glycerine, acetone, and others. Thus, by Introducing

8% ethyl alcohol in a 50%e aqueous solution of hydrogen peroxide,

we can obtain a monopropellant with a combustion temperature near

80000. Such a mixture is more powerfUl than hydrogen

peroxide of 80% strength and Is safer to handle.

Section 1. Oxidizers of the Future

Liquid Ozone

At normal temperature ozone)0O)is a bluish gas 1.6 times

heavier than air. At -l1200 and a pressure of I kgfcu 3 ozone

becomes a dark blue liquid. It solidifies at -250°C. Latent

heat of vaporization is 47 calories per kilogram mole. "Of all

the possible rocket propellant oxidizers,liquid ozone is the
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most powerful one. Like oxygen molecules, an, ozone molecule con-

slsts of oxygen atoms0 ,Ione. Nevertheless, ozone and oxypen

have different chemical and physical propertied,. hence pro-

pellants based on them have. different power factors. 7be higher

power factors of ozone with respect to oxygen are due to two

reasons: first, ozone forms in conjunction with heat absorption,

I.e., it is an endotherica compound4 secondly, liquid ozoneohas

an apprebiably higher density than liquid oxygen.

Since .in the formation of 1 kg ozone from oxygen about 720 koal

are absorbed, the same amount of heat is liberated when it decom-

poses Into oxygen atoms. This means that when a fuel Is burned

in ozone, heat is liberated not only by the reaction of fuel atoms

combining with those of the oxidizer but also as a result of the

decomposition of the molecules of the oxidizer, ozone, As a.

result, ozone forms with the fuel a propellant with a caloriflo

value 23 to 24% higher than that of oxygen..

Among rocket propellant oxidizers, ozone is the least used one

today. The difficulty of producing ozone and applying it to rocket

technology is due to its excessively high explosiveness.

The nature of the explosive decomposition of ozone remains

unexplained to this day. Apparantly it is either connected with

the endothermic nature of this compound or its sensitivity to the

catalyzing action of negligible amounts of admixtures or else •

combination of these two factors. There exist in the literature

many contradictory views on this subject.

Comprehensive Investigations into the chemical stability of

ozone have been conducted in ,the USA. in recent years. A number of

authors whose works were published abroad claim that they succeeded
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in finding the cause forAinstability of liquid ozone. It Is

said to be the catalyzing effect of negli'gible oranile admixtures,

"present in ozonokon the deco,.position process. One American

author even describes a method for obtaining stable ozone.

Oxygen,. the mother gas of ozone, is to be purified of organlo

impurities by passing it at 72000 over copper oxide which, under

these conditions, fully oxidizes to carbon dioxide all 6rganic'impuri-

ties contained in oxygen. Subsequent tests have shown, however, that

such ozone still exploded from the smallest stimulation. Thus,

there are as yet no directions in the literature as to the utili-

zation of liquid 100% ozone as an oxidizer. However, ozone as a

component of comppound oxidizers is of conspicuous interest.

At the boiling point of liquid oxygen (-1830 C) ozone dissovlas

in oxygen forming a homogeneous mixture. Ozone solutions in

liquid oxygen up to a strength of 25% are fully stable and nearly

insensitive to outside stimulation. Solutionsof such strength can

be safely transported and used in rocket engines.

The power factors of ozone solutions in liquid oxygen exceed

those of pure oxygen. The calorific value of propellants based

on ozone-oxyeen oxidizers (25% solution) exceeds that of oxygen-

base propellants by some 5%. Mokeover, introduction of that

amount of ozone in liquid oxygen increases the oxidizer's density

by 12.5%. These advantages of ozone-oxygen oxidizers over pure

oxygen may play a decisive role, all other conditions being equal,

in the attempt to increase the range of rockets.

Ozone is chemically more active than oxygen, this being due

to the particular structure of its molecules. A number of fuels,

including unsaturated hydrocarbons, may ignite spontaneously on

contact with ozone or a mixture of ozone and liquid oxygen. Ignition
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delay .for such hyp Solic propellants does notexceed the permissible

-tim, e .s 0,i ai 1
Due to thg ch rical activity of ozone, small amounts of At'

(3 to 5%) in oy bn accelerate combustion o'f the prop~ellant In the .

engine combust:o chamber. An increased burning rate of the. pro-

pellant permits to reduce its stay time in the combustion ohamber,

i.e., it permit to reduce the size of the combustion ohamber and,

hence, build li hter and more compact engines.

Despite .the above advanta6es of ozone-oxygen mixtures oT4r

pure oxygen, they are not being applied in rocket technology &a

yet. This is due to difficulties arisin6 in the operation with

00such mixtures. The boiling point of ozone (-112 0) is considerably

higher than that of oxygen (-183°0). Hence during protracted'

storage of ozone-oxySen mixtures, oxygen will evaporate first.

while the ozone content of the mixture will increase in time. 'At

-183 C up to 25% liquid ozone may dissolve in liquid oxygen. With

"a higher ozone content, demixing takes place. The bottom layer with

"a higher density represents a solution of 55% ozone in oxygen, asnd

the top one a 25% ozone solution. Ozone solutions in liquid

oxygen with a strength in excess of 55%aar. aagia. bomogeneous and

do not demix at -1830C and a pressure of 1 kg.cm2 but, like pure.

ozone, they are hiGhly explosive.

Although no efficient means have been found to this day -for

reducing the sensitivity of ozone and Its concentrates in liquid

oxygen to outside stimulation, the high power of rocket propellants

based on liquid ozone induces the Americans to continue the inves-

tigations for its stabilization;..
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I Ozone is highly toxic. Amounts of 0.00002% by volume can

be detected in the air by its characteristio odor. Cqncentrations

of 0.03% by volume strongly irritate the 'respiratory system and

the eyes. A stay of 2 hours in an atmosphere containing ozone

in a concentration of 0.04 to 1.0% by volume is fatal to man.

By American data, the maximum permissible ozone concentration in

the air is 0.0001 to 0.00001% by volume. Its toxicity exceeds

that of such a strongly poisonous si.'bstance as nitric acid by

tens of times.

Fluorine Oxidizers

The general advantage of. fluorine oxidizers over oxygen-base

oxidizers: IsAheir high chemical activity and high density.

This applies to both oxidizers and propellants based on the?.;

Among the fluorine compounds of interest as rocket propellant

oxidizers we cite elemental fluorine F2 , nitrogen trifluoride N73,

fluorine monoxide OF21 chlorine trifluorlde CLF3 and bromine

pentafluorine 'F5. 5

Among all the fluorine oxidizers the most powerful one is

elemental fluorine, while bromine pentafluoride has the greatest

density.. In rockets with small-size propellant tanks the latter

may be the most suitable oxidizer.

Liquid Fluorine

Until 1940 elemental fluorine was never practically applied.

Produced in very small amounts in the laboratory it was chiefly

used in research. But wlith the development of atomic industry
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there was an increasing demand for uranium hexafluoride for the

production of which elemental fluorine was required. This led.

to the fearoh of commercial methods for. obtaining fluoride and

to the study of its properties.

At the present time fluoril 4 e is produced on a commerolar

scale in the USA. The main raw material for its production' Is.

fluorite CaF from which potassium fluoride and hydro6en fluoride
2

are produced. From the mixture of the latter ýwo, fluorine is

obtained by. electrolysis.

It was held until recently that elemental fluorine will

hardly ever be used as an oxidizer for rocket propellants. There

were various reasons for this view,

It is known that fluorine is chemically the most active ele-

ment which reacts with nearly all the substances at ambient tern-

perature. It was believed that this would make it extremely diffi-

cult to choose the appropriate materials for apparatus and con-

tainers. For the same reason fluorine was reSarded as the most

toxic substance the handling of which will be complex and dangerousi.

The main reason,howeverwas that until recently fluorine was held

to have a low density.

The density of liquid fluorine at boiling point was determined

as early as 1597 and was taken to be equal to 1.1 k6/lit-ce i.e,,

less than the density of.liquid oxygen (1.14 kg/lite.r) and con-

siderably lerss than that of liquid fluorine monoxide (1.52 kg/lit-}).

A thorough check 6onducted by the California Institute of Technology

(USA) in 1952 showed that the density of liquid fluorine at boilin6.

point is 1.51 ks/lIt'•r, i.e., that it Is greater than the density
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of 3.Iquld oxygen and close to that of fluorine monoxide. From

that moment the interest for liquid fluorine as a rocket pro-

pellant oxidizer sharply increased.

"Until normal conditions fluorine in a yellow-green gas. which

liquifies at a pressure 1 kg/cm2 and a temperature of -l88.18OC..

It solidifies at -219 0 C.

Of all the known chemical elements, fluorine has the most power-

ful oxidizing action. It combines with virtually all elements

and oxidizes them. Even such an element as'oxygen, which is an

extremely powerful oxidizer, is oxidized by fluorine. It burns

in a fluorine atmosphere. It was held until recently that such

inert gases as argon, xenon, neon and others are incapable of re-

acting with other substances.- It was found, however, that under

specific conditions fluorine may react even with these gases.

.This powerful chemical activity creates specific difficultiep

in using fluorine. The overwhelming majority of materials does

not withstand contact with liquid fluorine and reacts with it.

But since several metals form during this reaction a fluorine-

resistant film of fluorld.oe firmly connected with the surface of

the metal and protecting the latter against the action of fluorine,

the problem of fighting its corrosive action was found to be fully

solvable.

The resistance of metals to fluorine is determined by the

firmness .of .- he connection between the fluoride film and the metal

itself. Such metals aq xackel,stainless steel, Mfonol metal, brass,
are juita- eQ

copper and aluminum4imaterials for fittings and containers of liquid

and gaseous fluorine if the latter is stored at temperatures no
, . X

higher than room temperature. At higher temperatures, gaseous
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fluorine is better' stored in Monel metal containers sinoe'it

has the best resistance to the action of both gaseous and liquid

fluorine.

As packing materials, copper, aluminum and plastics such

as. teflon can be used. It should be noted that teflon and metals

can be fluorine-resistant only If the following two requirements

are fulfilled: First, the surface in contact with fluorine must

be thoroughly cleaned of all Impurities; secondly, the material

must not be exposed to the action of a fluorine flow flowing at

a high velocity.

Any organic impurities in fluorine act as initiators of the

combustion process. Ignition of impurities in fluorine leads also

to the ignition of the container or feed line material. Hence

equipment operating with both liquid and gaseous fluorine must

be scoured, cleaned of all sorts of impurities and dried. There-

after the equipment Is treated with gaseous fluorine diluted with

an inert gas. The concentration of gaseous fluorine In the inert

gas is chosen such that it Is sufficient to ignite and bau all

impurities which remain on the surfaces of equipment after its

preliminary cleaning, but not strong enough to ignite the material

of which the equipment is made.

As the metal surfaces are treated with gaseous fluorine there

forms, along with the cleaning of the surface, a fluoride film

which protects the metal against the corrosive action of fluorine.

The surface of equipment operating with fluorine must have an

excellent mechanical finish which excludes the presence of pores,

cracks, etc. Welded seams must be checked by x-rays for the absence

of cracks or any Inclusions. Any kind of flaws of the metal surface
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or the welded seam may become the cause for its Ignition on contact

with fluorine,.

Ignition of equipment material may also be brought about bV

4 high-speed fluorine flow which, obviously, washes away the pro-

teotive fluoride film at some spots of the metal surface which

then become Ignition centers. If for some reason a metal Is 1g-

nited in a fluorine atmosphere$ It will violently burnyl until /

all of the fluorine Is exhausted or all of the' metal burns out..

Like 2lquid oxygen, liquid fluorine continuously boils li-

berating extremely poisonous vapors which, at the same time, are

highly inflammable.

Storage, transport and filling of liquid fluorine are In-

comparably more complex than those of liquid oxygen. 8mall spill-

ings of small liquid fluorine are usually neutralized by sodium

bicarbonate which not only neutralizes fluorine but helps ex-

tinguishine the fire breaking out as a result of the ignition of

organic substances on contact with liquid fluorine. Reacting with

the latter, sodium bicarbonate releases carbon dioxide which, as

is known, is a fire extinguisher.

In the USA liquid fluorine is stored and transported in a

.supercooled state, i.e., at a temperature below its boiling point.

For t~ij reason containers of several tons' capacity are made up

of three tanks placed one within the other. Liquid fluorine is

filled in the innermost tank, and the coblant (usually liquid

nitrosen) in the second one. For insulation, air is removed from

the space between the second and the third tank whereupon it is

filled with heat-insulating material. The innermost container

filled with liquid fluorine is hermetically sealed. Because of
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the difference in the boiling point of liquid nitrogen and liquid

fluorine (about 13 to 140), the latter does not boll In' such con-

tainers and, hence, it does not liberate toxic and Inflammabfes,

vapors. Containers so deslgeed are suitable for storing liquid

fluorine in warehouses or for its transport by truck or rail. -

To prevent spilling in the case of accidental destruction of

feedlines, all -o the pipe outlets in reservoirs are made through

the top of the tank.. Unloading from the tank is effected by

gas (helium or nitrogen) pressurization.

The following data give us an idea of the toxicity of fluorine.

Concentrations of 25 to 50 parts per 1 million parts;per volume

of air are fatal to man after 15 minutes. Concentrations of

15 to 25 parts per 1 million parts per volume of air cause heavy

inJuries to the lungs, and only concentrations of 10 or less

parts per 1 million parts of air per volume do not represent a

hazard to man after 15 minutes*

The vapors freed during the boiling of fluorine can be 'n6ra- .

lized by mixing them with vapors (steam). Fluorine reacts with

water vapors according to the formula

P2  HO2 2H7i *2H20 jO2 .

As a result, hydrogen fluoride .nd oxygen are formed. The

former Is a lesser hazard to the organism than elemental fluorine,

its toxicity being about 1/10 of the latter. Moreover, it is

well miscible with water, hence It can easily be transferred In

aqueous solutions with their subsequent neutralization (detoxica-

tion). Ihis is. conveniently done with calcium oxide which trans-

forms hydrogen fluoride in harmless calcium fluoride •

CaO 2HF CaF2  H 20

When testing rocket propellants operating with fluorine,
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combustion products of hydrogen in fluorine can be neutralized also

by this method..

Small amounts of liquid fluorine can be eliminated by .burnin&

carbon In them. To do this fluorine is spumped-through drums obap-

tUa 6ns coal. On contact with the coal there occurs a reaction

forming a nonmtoxic gaseous substance, carbon tetrafluorlde,..which

can be safely released in the air:

C 2F Cr
2

As A rocket propellant oxidizer, fluorine, because of its

'4icoptionally j.owerful:' reactivity with all the known- fuels,

forms hypergolio propellants. Consequently, reactive engines

operating with liquid fluorine have no need for special ignitini

devices and are therefore much simpler in design.

Propellants based on elemental,.fluorine have also higher com-

bustion rates because of the high reactivity of this element.

For the total combustion of a fuel, with fluorine a shorter stay

time in the engine chamber Is required than for' any other pro-

pellant. This makes It possible to build engines with smaller'

combustion chambers than those operating with oxygen and nitrio-

acid propellants.

Fluorine-base propellants are only then more powerful than

those based on oxygen if substances with a high hydrogen content

are used as fuel. With hydrocarbon fuels, fluorine oxidizers

form ineffective propellants.

For this reason liquid fluorine, like other fluorine oxidizers,
.I

Is expediently applied with such fuels as ammonia, hydrazine,

and liquid oxygen.

The propellants formed by fluorine oxidizers with hydrazine
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derivatives (methyl. hydrazine, dimethyl hydrazine and others) are

less effective since the molecules of these derivatives contain

carbon atoms. It is pointed

It is pointed out that on the basis of fluorine oxidizers hih-.,

ly effective rocket propellants can be formed if metals, metal-

organic compounds or metal particles suspended In liquid.fuels,

e.g.,*hydrazine or methyl hydrazine (metal suspensions) are used

as fuelo.

Unlike oxides, metal fluorides have, as a rule, a lower

boiling point, hence they will be in a easeousm state in the oop-'"

bustion chamber and the nozzle. Moreover, the same fuels burnin6

in fluorine and in oxygen develop higher temperatures in fluorine,

and this also contributes to the formation of gaseous combustion pro-

ducts of metals and other highly calorld substances.

Some substances, such as silicon, .form with fluorine compounds

(under the release of large amounts of heat) which are gases eves

under normal conditions. Burning of silicon in oxyg6n forms silicon

dioxide Si3 2 with a very high boiling point (1900 0c). Table 4

gives the boiling points of oxides and fluorides of some fuel. which

can be used as rocket propellant components.

Table 3

Boiling Point of some Metal Oxides and Flubrides

Fuel Oxide: Oxide Fluoride Fluoride
formula boiling point formula boiling point

oc 0 C

Beryllium BeO 3900 BeF 2  850
Aluminum A12 03 2700 AIF3  1110
Magnesium MgO 2250 MgF2 1110
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.. c imj=rl uorid.•. +

Of all te -fluorine oompounds this is the most interlstng ,

one an a rocket prop~~llnt oxidizer. Compared with eleuentq.

fluorine, it is less powerful since its molecule comprises a.

chlorine atom which is a very bad oxidizer and propellants based

on it are completely ineffective. However, chlorine trifluot1•f
0

has a comparatively high boiling point (13.8 C) and a low tem-

perature of solidification (-111 0 C) which greatly facilitates

operations as compared with other fluorine-base oxidizers. At

ambient temperature It can be stored in hermetically sealed ion-

tainers at pressures up to 2 to 3 kc/cm2 .

In reactivity,. chlýrie :trifluoride is second only to fluorine.

In fact, it reacts with most substances. Even water oxidszes on

contact with it. The combustion process of water In chlorlpitu.1

fluoride is very violent and Is accompanied by a conspicuous re-

lease of heat and a visible flame. In spite of its high reactivity,

its storage and transport turned out to be less complex as regards

its corrosive action on containers and equipment, than that of

such widely used rocket propellant oxidizers as nitrio acid and

its mixtures with nitric acids*

ohlorm.ne trifluoride can be" stored for long periods In con-

tainers made of common carbon steel. A fully satisfactory corrosion

resistance to the oxidizer is also exhibited by such metals as.

copper, brass, magnesium and others. Stainless ste~lsnickel

and Monel metal are also fairly resistant. As packing material

In apparatus operating with chlorine t-1rluoridq,copper and teflon

saturated to a strength of 40* with 'copper fluoride can be used.

This appratus must not be made of glass, asbestos or materials
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containing silicon since chlorine::titiluoiide,like other fluorine

oxides, reacts with the substances to form easeous silicon fluorid•,.

Chlorine trifluoride Is as toxic as fluorine. It can only be

handled in special gas masks and protective clothes. The hazard

in operating with it~arises not only from breathing its vapors but

also from drops hitting clothes, fabric, the skin or rubber which

areimmediately ijnited by it. Hence its handling requires exceptional

safety measures.

Elimiiaation of large amounts of it poses-a serious problei

since there are very few substances which can dissolve: it without

reacting. It is well soluble in carbon tetrachloride and some

nitric compounds and does not react with them in the coal. At oer-

tats ratios, however, chlorine trifluorine mixtures with these

substances may explode from comparatively external stimulattion

(impact, flame and others).

The properties of chlorine trifluoride show, as a wholo, that.

it has certain advantages over liquid fluorine as regards operation

\but Its handling is, none the less, quite complex and dangerous.

A feature of this substance is its high density (1.78 &'cm 3 )

compared with that of other oxidizers. The chemical reactivity

of chlorine trifluoride which creates difficulties In handling it,

is actually an advantage when it is used in engines. But. with all

the known fuels its forms hypergolic propellants with a high bwrz7

Ing rate in the combustion chamber.

Fluorine Monoxide

Its molecule consists of atoms of the two most powerful

oxidizers, fluorine and oxygen. Under normal conditions it is a

gas as toxic as pure fluorine.
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Its boiling point in ý-145°C. This chemically stable substance

can be stored for long periods of time" without noticeable decomiposi-

tion in~containers made of stainless steel, nickel, or Monol'metal.

Density of liquid fluorine monoxide at- boiling point is 1.52 kg/liti.,

I.e, it is alpost equal to that of liquid elemental fluorine.

Organio and anorsanio'combustibles ignite on contact with, it.

Handling of tfluorine monoxide a.comol.ex # , dangerous as that

of liquid fluorine. Its utorake, like that of liquid fluorine,

requires complex devices by which to maintain low temperaturesiand

preyent its vapors from penetrating in the surrounding air.

Fluorine monoxide has all the operational disadvantages of

liquid fluorine, and, in addition, it is - lc..--.ably less poworful.

In fact, It rates between liquid oxygen and liquid fluorine 'in terms

of power and efficiency. The thermodynamic computation of pro-

peliants based on liquid fluorine, oxygen and fluorine monoxide

with hydrazine at a pressure of 21 kg/em2 within the combustion

chamber and 0.84 kd/cm2 at nozzle exit plane for an engine operating

in the vacuum yields the following specifio imptl'kes;

Liquid fluorine hydrazine...... 417 kg sec/kg

Liquid fluorine monoxide hydrazine 390 kg sec/kg

Liquid oxygen hydrazine 360 kg sec/kg

Thus, fluorine monoxide which is appreciably inferior to

elemental fluorine In terms of power and has virtually no advantages

as regards handling and operating with it, obviously cannot be re-

Gsaded .as an especially successful rocket propellant oxidlsear of
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Tetranitromethane

Under normal conditions tetranitromethane, C(N0 2 ) 4 Is a yellow-

green- liquid which freezes at 13.8 0 C. Unlike water, it reduces

itd volume at freezing, hence there is no danger that the liquid

may destroy hermetically sealed containers if it freezes in them.

If heated to about 100 to 120 0C, it begins to decompose'an&

releases nitric oxides. At 1260 C it boils and decomposes at the

same time.

A feature of tetranitromethane as a rocket propellant oxidizer

is its great density. Moreover, like n~ltric acid and the oxidizers

based on it, it has a high boiling point.

Compared with nitric acid, it has a very low corrosive action

with respect to most materials. It may be stored and transported

in containers of common carbon steel. Only copper and its alloys

are attacked by this oxidizer.

Pure tetranitromethane is a chemically stable substance but

alkali impurities initiate its decomposition with the fotmation-r

of explosive nitroform salts. As a rocket propellant oxidizer,

tetranitromethane has two substantial disadvantages responsible

for the fact that this extremely powerful oxidizer has up to now

not been practically employed in rocket technology: first, it has.

a high temperature of solidification; secondly, under specific con-

ditions it has a tendency to explosive decomposition.

Its explosiveness is due to its being formed with heat absorption,

i.e., It is an 6ndothermic compound. Hence its decompokition,

accompanied by liberation of heat, takes place according

to the following equation:

C(N0 2 )4 -*C0 2 ±- 2N2 +- 302

-t Thi,.heat released amounts to about 450 kcal/kg.
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It should be noted that explosiveness of pure tetranitro-

methane is low under normal operating conditions of rocket pro-

pellants. Only a very powerful stimulation can initiate Its ex-

plosive decomposition. Addition of 'combustible impurities, however,

make It extremely sensitive to outside stimulatio•, A•,content of

1 to 1.5% of such hydrocarbons as. kerosene, it readily explodes

from the action of a standard detonator fuse or even from weaker

stimulation.

The explosive of tetranitromethane is very destructive. Most

sensitive and destructive are mixtures with hydrocarbon fuels con-

taiing close to 15% of the latter. Concentrations of greater

strength again reduce the explosiveness of tetranitromethane, and

with more than 60% hydrocarbon fuels it can no longer be exploded

by a standard denonater.fuse. Hence when handling tetranitromethane

it iust be carefully kept free of impurities, especially those of

organic origin.

The explosiveness of tetranitromethane can be reduced by add-

Ing to it nonorganic substances. Already before World War II,

mixtures with 30% liquid nitric oxides were tested in Germany. Such

mixtures are extremely powerful as rocket propellant oxidizers and

have a low sensitivity to external stimulation. They do explode

nevertheless, if stimulation is sufficiently powerful. A disadvantage

of tetranItromethane is its high freezing point.

Oxidizers based on tetranitromethane with a low freezing pQint

(of the order of -40 to -50 0 C) are difficult to develop due to the

fact that in it are well soluble nearly all the hydrocarbon fuels

while nonorganic substances are almost insoluble. To lower its

freezing point by adding combustibles to it Is impossible cedause

highly sensitive mixtures are so formed.
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Studies were undertaken in the USA on the subject of lowerin6

the freezing point tetranitromethane. Thebest results were ob-

tainted with liquid nitrogen tetraoxide T These mixtures are not

only relatively insensiative to external stimulation-but they also

have a lower freezing point than pure tetranitromethane. Thus.-

" mixture Of 35% nitrogen tetraoxide and 65% tetranitromethane has

"a freezing point near -3000. A drawback of these mixtures is' their.

high vapor tension and high volatility. For this reason they can

only be stored in hermetically sealed containers.

One of the advantages of tetranitromethane is its low corrosive*

action. Mixtures with nitric' oxides are likely to be more aggressive

against construction' materials. Although unhydrous nitriq oxides

are, like tetranitromethane, non-corrosive substances, even a

slight moisture content enhances their corrosiveness by the appearance.•

of nitric acid. The latter forms in accordance with the following

tormula,

H2 0 + N2 04  HNO 3 + PNO2

Jixutres of tetranitromethane and nitrogen tetraoxide are

more volatile than pure tetranitromethane. The first to evaporate

are nitric oxides which, if the oxidizer is stored in a non-hermetiois

contaner, reduce,,.- the nitrogen tetraoxide content and, hence,

change the oxidizer' freezing point. To lower its freezing

point,,. mixtures @ith. methyl nitrate and nitromethane were tested.

These mixtures are less effective than that with nitrogen tetraoxide

since their freezing point is hi6her and they are dangerous in

handling.

Additives lowering the freezing point of tetranitromethane not.

only impair some of Zts operating properties but also reduce Its

power. Rockets operating with a fuel based on a tetranitromethane

.oxidizer containing any one of the additives above, havq a shorter
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,rgnae than rockets' powered by a propellant based on pure tetranitro-

methane.. oxidizezr.
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chapter III

FUELS

Combustion is a turbulent exothermic chemical reaction In

the presence of a flame. Most frequently this reaction occurs

when atoms of various elements combine with oxygen or fluorine

atoms.

Table 4

Calorific Value of Combustibles

Calorific Value of Combustibles, kcal/kg

Combustible Density, kg/l In oxygen In fluorine

Hydrogen .0.07 28 700 64 000
Beryllium 1,85 16 150
Boron 2.30 13 900
Lithium 0.53 10 230 20 800
Carbon 2.25 7 800 13 780

Aluminum 2.70 7 400 12 190

Silicon 2.40 7 370 12 190
Magnesium 1.74 5 920
Titanium 4.50 4 530

The effectiveness of a fuel is determined in the first

place by its calorific value and its gas-generating capacity.

Table 4 gives the calorific value of some combustible elements

burning in oxygen or fluorine.

We. can see from the Table that hydrogen has the highest

heating value. It also -.e~volveB a large amount of gas during

combustion. However, considerable difficulties arise in the

application of pure liquid hydrogen as a rocket propellant
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component, On.the 6ther bgard it, iaixtures *WLtk som6 .e1mentjs have

phydico-Chemical properties fully s4itacle for this purpose, but

are less powerful.

Second in calorifio value after hydrogen is-beryllium.,

Yet, neither pure nor in compounds with other substances,'this

element can be of any practical •value as a rocket propellant

for the following two reasons: it is highly toxic (this applies

also to its compounds); secondly, it is very rare and, hence,

extremely expensive.

Boron Is slightly less powerful than beryllium but it is

fairly common, hence it may be of practical use as a fuel com-

ponent of rocket propellants.

Carbon has an even lowei, heating value and a relatively

low gas generating capacity. Nevertheless, it is pkesent in a

large group of chemical combinations known as organic compounds.

Section 10. Fuels of Organic OrI~i

To this class belong, in .the. first place, the various fuels

obtained from the distillation of petroleum and known as petroleum

products. Yidely used in rocket technology are kerosenes.

Essentially, these fuels are a mixture of chemical com-

pounds consisting of a highly effective combustible element, hydro-

gen, and a less effective one, carbon. Fuels of this class are

known as hydrocarbons. The chemical combination of the two elements

above yields substances less powerful than elemental hydrogen but

considerably more powerful than elemental carbon. Their physico-

chemical properties defining the expediency of their utilization
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are incomparably higher than those of carbon and hydrogen.

All of the petroleum products used as rocket propellant

components are liquids with high boiling points and low tempera-

tures of solidification, having a fairly hiEh stability against

decomposition from heating. A drawback of these Iuel.s is the

instability of their chemical compositionhence such indices or

a fuel of. the same brand as density, viscosity, surface

tension and others vary from supply to supply. This, however, is'

inadmissible for rocket propellant components since the indices

above do substantially affect the performance of the engine.

The instability of physico=chemica! properties of petroleum

products can be explained by the fact that these fuels have an

inhomoeeneous chemical composition and are mixtures of a large

number of hydrocarbons evaporatizg by boiling in a given tem-

perature range. In producing one and the same fuel brand from petro'

leum of various oil fields, constancy of temperatures at the

beginning and the end of the boiling process can be easily main-

tained whereas, as a rule, the content of the various chemical

compounds in the fuel is not constant.

Only thosetftWls which .re homogeneous chemical substances and whose

composition can easily be checked, can have stable properties.

Investigations are being conducted in the USA for the synthetic

production of hydrocarbons which by their power and operational

properties could replace petroleum-type fuels and at the same

time have stable physico-chemical properties not changin• from,

supply to supply. It is planned to use these fuels with newly

designed rockets as well as with existing ones operating with

petroleum-type fuels. Thus, for example, a synthetic hydrocarbon
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fuel Is being developed for the "Atlas" rocket powered by a

propellant whose fuel component is the RP-1 aircraft fuel. hii.

nV,. 5ynth*tiO fuel-Will be a compound with the same phyAsio-

ch'ein 64 properties as the RP-1. Three hydrocarbons have'been

found which can replace th. latter..

Investigations into new hydrocarbon fuels are also conducted

in other directions.. As already noted, rocket fuel density is

an important characteristic. As a rule, oxidizers have a density

1.5 to 2.0.times that of fuels, this being a disadvantage cooapn to

all fuels. Increased density makes it possible to reduce the size

of the rocket by reducing the size of the. fuel tank and maintaining

tho ame useful load and the same range.

High-density hydrocarbon fuels are chiefly extracted from

coal tar. Some of them have, besides high density (up to 1.5

kg/liter), also high efficiency indices. Thus, e.g., decahydro-

naphthaline has a calorific value greater than kerosene extracted

from petroleum. In spite of their high density, these fuels have

not been practically exploited in rocket technology as yet be-

cause of a number of disadvantages inherent in them, such as high

viscosity, high temperature of solidification, and others,

Alcohols, especially ethyl and methyl alcohol, are the next

class of fuels. They played an important roles as propellant

components 1A the early days of rocket technology.

Alcohol molecules consist of oxygen, carbon and hydrogen

atoms. Since the combustible carbon and hydrogen atoms comprised

in alcohols are already partly oxidized, the heating value of pro-

pellants whose fuels are alcohols, is, considerably lower than that

of propellants with hydrocarbon fuels. This we can see from Table 5
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which .ives the cAlorific value of alcohols compared with that

of a hydrocarbof. (kerosene).
"' . ~Table 5

Calorifiec Value of Oxygen-Carrying Propellants

Excess oxidant ratio I

Fuel Fuel density, kg/i Propellant density Calorific value
kg/I kcal/kg

methyl alcohol 0,796 1.0 1870
Ethyl alcohol 0.8 1.03 2085
Kerosene 0.82 1.07 2400

Density of alcohols is virtually the same as that of hydro-

carbons. The density of alcohol-base propellants, however, is

lower than that of propellants based on kerosene. This is due to

the fact that tie combustion of a unit of weight of alcohol requires

a lesser amount of oxidizer than the same amount of kerosene. Pat

since the density of any oxidizer is higher than that of the

fuels mentioned , the propellant with a higher oxidizer content

has a higher density.

In the early days of rocket technology, when the great

amount of heat liberated per unit volume of combustion space

created unsurmountable difficulties in tnsurinS a reliable cool-

ing for rocket engines, the calorific value of propellants with

alcohol fuels was sufficient. Moreover, to reduce propellant

combustion temperature and at the same time improve the cooling

properties of the fuel, water was added to them. At the present time

there stil- exist rockets powered by alcohol propellants (for
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* example, the American rocket "Redstone" with a 480-1im range) but

tho new rockets art designed for other fuels. At the present

stage of rocket technology the problem of cooling rocket engines

operating with highly.calorific propellants is fully Solvable,

Apparently alcohols as the fuel of rocket propellants have already

become obsolescent.

Amines are the next class of fuels. They are obtained by

replacin8 in an ammonia molecule PHl two or even three hydrogen
3

atoms by hydrocarbon radicals.. Depending upon the amount of hydro-

gen atoms replaced, amines may be primary (only one hydrogen atom

is replaced by a radical in ammonia), secondary (two atoms are re-

placed) and tertiary (all three atoms are replaced).

There exists a large variety of a&i.ines) but to rocket techn6-

1ogy only those are interesting which under normal conditions are

liquids with high power factors and acceptable operational pro-,

perties.

A characteristic of amines distinguishing them from petroleum

products and alcohols is their increased reactivity which changes

depending on the replacement in the ammonia molecule of hydrogen

atoms by hydrocarbon radicalsj , and of the radicals themselves.

Amines react with nitric-acid oxidizers to form hypergolio

propellants.

A disadvantage of amines is their considerably higher cost

than that of petroleum products and their hi-h toxicity which

affects both the unprotected parts of the body and the respiratory

system. Such an aromatic amine as aniline has a toxicity 200

times that of kerosene (i.e., the permissible concentration of

kerosene vapors in the air is 200 times greater than that of
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anilin vapors) and twice that of such highly toxic a substance

as nitric acid. The hazard in~handling amines is a66raxated by

the fact that unlike nitric acid they have no characteristic odor, hence

a man may operate for some time in an atmosphere polluted with amine

vapors, -be seriously poisoned and suffer the consequences only aftev.

some time. Amines hitting unprotected parts of the body do not

strongly irritate them but have the property of penetrating through

the skin into the organism where they produce harmful effects.

Section 11. Hydrazine Fuele

The simplest representative of this class of fuels (hydrazine)

has the formula H2 N-NH 2 . Characteristic for this substance is the

fact that its molecule contains only one type of c ombustible atom,

hydrogen, while nitroeen during combustion only increases gas genera-

tion and evolves in combustion products in a free form.

Since the combustible part of hydrazine is made up of.100%

hydrazine, it. has a high calorific value.

Hydrazine molecules are formed from nitrogen and hydrogen atoms

under absorption of heat, hence it is an endothermic substance,. this

being the second cause for the substance's high calorific value.

Its advantages as a rocket fuel are also its high density
0'

(1.04 kg/liter) and high boiling point (113 0).

Hydrazine, however, has 'considerable shortcomings. under

normal conditions it is a transparent liquid freezing at +l1C.•

Such a high freezing point makes it inconvenient to operate with

hydrazine especially in the winter. If stored or filled into the

rocket during the cold season, it must be warmed. An eVen greater

drawback is its tendency to explosive decomposition under heating

or from impacts. There are also other disadvantages of lesser
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importance: oxid~tion" from the reaction with air oxygen, its

hy•roscopic nature, and, others, which' somewhat complicate its

handling but are fully surmountable.

"Hydrozent atoms in the hydrazine molecule can be replaced by

other atoms or atom groups. Compounds -in which hydrogen atoms

are replaced by hydrocarbon radicals (methyl CH3, ethyl C0 5 and

others) are known as alk_.ljtes of hydrazine. A number of

them was obtained, and they differ from hydrazine proper by their

physico-chemical properties (density, viscosity, etc.) and caloriflo

value,

Amon6 these, the most interesting ones as rocket fuels are

methylhydrazine CHmHN-NH2 and unsymmetric dimethylhydrazin,

(OH ) N-NH . These substances are less powerful than hydrazine
3 2 2

since their molecules, beside hydrogen, contain a:' considerable

amount of carbon which has an appreciably lower calorific value.

Their advantage consists i-n the fact that they are liquid over

a wide range of temperatures which considerably facilitates

their utiliiation.

Best known abroad are at the present time the properties of

unsymmetric dimethylhydrazine. It is a liquid freezing at -57.2 0 C,

boiling at 63.10C, with a density of 0.783,kg/liter at 200C.

Characteristic of dimethylhydrazine is its high reactivity.

Even more' than hydrazine, it combines with oxygen from the air

yielding dimethylamine and water. It reacts with carbon dioxide

from the air to form (CH3 ) 2 N-NH 2 iC%2 salts which are not soluble

in dimethylhydrazine and therefore form a Bolid deposit. When

stored, dimethylhydrazine mqst not come in contact with the air

because of its hi6h reacttivity. It is best stored under a slight
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pressure from a neutral Eas, e.g., nitrogen.

Pure dimethylhydrazine does not attack construction materials.

.5me water in It promotes.corrosion of aluminum and its alloys.

It has a fairly high heat resistance and begins to decompose *

only at about 700 to 8000 C. Unlike hy.drazine, neither liquid,

nor gaseous dimethylhydrazilne explodes from impacts but easily.

ignites in air (ignition temperature 10 C, self inition at 250)?0),

hence it must be reearded as inflammable.

Dimethy2hydrazine should be stored in special containers far

away from other buildin6s.. The containers should be placed under

ground since the smallest spark from static electricity may cause

a fire.

It can be extinguished with water,beina miscible with it at

all ratios. Water .dilutes dimethylhydrazine and cools it at the

same time. Diluted with two or three parts water, it no longer

burns in the open air. Another effective extinguisher is carbon

dioxide, whereas chemical foams commonly used as fire extinguishers,

are unsuitable for this purpose.

The high chemical. reactivity of dimethylhydx-azine makes it

a valuable propellant component. With liquid oxygen it yields a

propellant with forced iGnition, and with nitric-acid oxidizers

it forms hypergolic propellants. Compared with other self-igniting

components, dimethylhydrazine has a very short ignition delay with

nitric-acid oxidizers (of the order of 0.005 sec ) which depends

but slightly on the temperature of components.

It is well soluble not only in water but also in hydrocarbon

fuels; It is therefore possible to obtain hypergolic fuels based

on dimethylhydrazine with the aid of commonly available and in-

expensive petroleum products such as kerosene. Self-igniting
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fuels with an acceptable Ignition delay time (not exceeding 0.03

sec) are obtainable by mixing it with kerosene. The content of

the latter say attain 40%. Dimethylhydrazine-kerod ene mixtures

change their Ini#tlon delay time on contact with nitric-acid

oxidizers more ' abruptly 4Ath Increasing temperatures than pure

d3.mqth$L bidratkne.

Being a highly toxic substance, it must be handled. with the

greatest care. All hydrazine fuels bave the same properties as

alkalis, but unlike the latter they.. cause no irritation of the

skin. IPonetheless there must be kept away from It because they

penetrate into the body where they are very harmful. Dimethyl -

hydrazine has a sharp characteristic odor. Very small amounts of

it can be detected in the air, Toxicity of hydrazine and dimethyl-

hydrazine is twice that of nitric acid. Protective goggles and

gloves are recommended for the handling of smaller amounts, whereas

larger amounts require protective suits. As soon as dimethyl-

hydrazine odor Is detected in the air, gas masks must be put on.

Splashes of the substance can be washed from the clothes with large

amounts of water. Prior to reusin& the clothes, they must be

thoroughly washed. Dinethyihydrazine is a powerful poison, hence

it may not be poured into the drain system under any circumstance.

Section 12. Fuels of the Future

It was said earlier that of all chemical fuel3 hydrogen has

the highest caloriflc.value. The high efficiency of rocket pro-

pellants based on hydrogen is due on the one hand to Its high

calorific value and, on tie other, to the low molecular weight

of combustion products formed. It was held until recently that
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under service conditions liquid hydrogen would be so inconvenient

and hazardous to handle that it might never be. used as a component

of rocket propallants. .

"The main drawback of liquid hydrogen is its low boiling point

which is -2540C, i.e., 710 0 below that of liquid oxygen. Thi Is

causes difficulties in storing and transporting lar6e amounts of

liquid hydrogen.

Low density (0.07 ka/liter) is another serious disadvantage*

Ylixtures of hydrogen with air over a wide range of ratios

are highly explosive and this is a third disadvantage creating

conspicuous difficulties. Mixtures containing from 4 to 74% hydrogen

explode from the smallest shdck, impact, spark.

Hazards in handling liquid hydrogen-may arise from contamina-

tions with oxidizers or from accidental spiilings and leaks. To

prevent explosions, pipes and containers must periodically be

blown through with an inert gas. In the case of leake, the premises

must be rapidly cleared of hydrogen vapors by means of thorough

ventilation. To reduce the hazard from explosive air-hydrogen

mixtures, all equipment operating with.liquid or gaseous hydrogen

should be placed out of doors where hydro6en vapors can diffuse.

in the air without creating dangerous concentrations. To prevent

.air oxygen from penetrating into the equipment and containers

filled with liquid or gaseous hydrogen, these must always be kept

under a small excess pressure.

Practice shows that hydrogen spillin6s present no serious

hazard if there is no ignition source nearby. Small spillin~s

evaporate very rapidly and hydrogen diffuses in the atmosphere.

When ignited, it burns smoothly, without explosional Its flame

is colorless, hence it is invisible in daylight.
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Storing liquid hydrogen, as any other low-boillng liquid,

entails evaporization losses, the prevention of which is comli-

cated by Its extremely low boiling point.

Among the features of liquid hydrogen as a rocket propellant

component, its high energy and good cooling power should be noted.

Compared with hydrazines and petroleum products, hydrogen forms

propellants with appreciably high specific impulses.' Yet, they

have a very .low density. Hence it is obvious that liquid hydrogen

can only be effective if used in super-lon- range rockets for which

propellant density is far less important than specific impulse.

At the present time, the problems relating to storae,,

transport, transfer as well as production of liquid hydrogen are

boslcally solved. The USA are •ntensively working on the design

of rocket engines powered by liquid hydrogen and oxygen. Pratt-

Whitney has developed a reactive engine with a 7-ton thrust which

uses liquid hydrogen as a fuel and liquid oxygen as the oxidizer.

The creation of an operating rocket engine powered by liquid.

hydrogen shows that the difficulties in operating with this fuel

are by no means unsurmountable. Considering its. high energy as

well as the availability and low cost of the raw material for its

production (hydrocarbons derived from petroleum distillation), It
may be expected that. it will b6-widelyused 'rniodke`V..t6cinooy i

the near future.

Boron Hidrides

Their molecule comprises atoms of two elements with the highest

calorific value, boron and hydrogen. Boron, like carbon, forms a

large number of compounds with hydrogen which has various physico-
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chemical properties*

The energy factors of boron hydrides depend on their elementary

composition. The higher the number of hydrogen atoms per.boron

hydride fuel, the greater is Its calorific value and Its gas-ftrmlng

capacity.

The simplest. representative of this class of compounds is

diborane, B2H6 , under nonmal conditions a gas igniting on contaet

with air. Compounds with a higher molecular weight are under

normal conditions either liquid or solid. Thus, pentaborane,

B5H9 , is a liquid boiling at 58 0 C and solidifying at -4700. Its

density at 20°C is 0.72 ks/liter. Decaborane, BjOH14 , is a

white crystalline solid.

The most interesting one as a Jet fuel is pentaborane. Its

density is about 10% less than that of gasoline but Its calorifle

value exceeds that of Gasoline by 54%. It may be a valuable fuel

for turbo-Jet and ram-Jet engines. A characteristic feature of

pentaborane is its hish rate of combustion in the engine chamber,

exceeding by several times that of conventional hydrocarbon fuels.

This property permits the design of engines with short combustion

chambers. Consequently, the size of the aircraft Itself may also

be considerably reduced.

Gaseous and liquid boron hydrides are thermally unstable

compounds. On heating they decompose so int6nsively that decom-

position occasionally ends in an explosion. This property com-

plicates operations with these compounds. This is further con-

plicated by their exceedingly high toxicity. 'In fact, deborane

and pentaborane vapors are four to five times more poisonous than

nitric acid vapors.

A disadvantaee of boron hydrides is their low density. Some
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of -them have a low self-ignition point. Thus, pentaborane Ignites,

0
spontaneously at + 65.5 C. If stored under natural conditions,

,such a. fuel may spontneously i6nite in the summer.

By replacing in the boron. hydride molecule one or seve.ra•1

hydro4ýen atoms by a hydrocarbon ,,.radical we. can- obtain the so-

* called _boLron hydride alkylatos which have bettqr operatlonal

characteristics than the boron hydrides themselves;. Alky!
boron hydride molecules consist of atoms of three elements, boron,

hydr•oen and carbon. The presence of carbon atoms somewhat

lowers their calorific value with respect to that of boron.

hydrides, but at the same time it increases its density, con-

siderably reduces toxicity and increases heat resistance.

In the USA, jet engines are powered by alkyl boranes

of two brands, HEF-2 and HEF-3. By the physico-chemical pro-

perties of these fuels it may be assumed that HEF-2 is ethyl

pentaborane, C2 H5 B5H8 and HEF1-3 is ethyldecaborane, C2 5B10H13 -

Under normal conditions these borohydrocarbons are liquids.

Their density is of the order of 0.8 to 0.83 kg/liter while

that of pentaborane is only about 0.62 kg/liter. Their burning

rate in the engine combustion chamber is considerably higher

than that of conventional hydrocarbon rocket fuels.

Introduction of a carbon atom in the boron hydride mole-

cule sharply reduces its toxicity. Thus, if pentaborane is

400 to 600 times more toxic than aviation gasoline, ethyipenta-

borane is virtually as poisonous as are petroleum products. Boro-

hydrocarbon fuels have a higher stability than boron hydrides,

They do not decompose under the effect of moisture or if heated

to a temperature not exceeding 2500C. Yet, they have a considerably
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lower thermal stability than hydrocarbon compounds. If stored

for long periods of time at ambient 'temperature they are subject

to polymerization which yieldo solid, unsoluble substances which)

.are being .readily deposited. The presence of impurities In boro-

hydrocarbon compounds enhances polymerization.

Table 6 gives.the calorific valuesof deborane, sode boro-

hydrocarbon compounds and kerosene as they burn in oxygen.

Table6 .

Calorific Value of Boron-Hydrocarbon Compounds and Kerosene

Compound Formula Calorific value of fuel
kcal/kg

Diborane 32•6 17 390
Methyl diborane CH3(B2HS) 14 400
Tetraethyl diborans (C2H5)B 212  11 700
Ethyl diborane C295 (B %) 13 900
Triethyl borane B(C2H3)3 . 11 100
Kerosene C7H16 10 230

We see that the calorific value of all the borohydrocarbon

compounds is higher than that'.Qf kerosene but lower than that of

the starting mixture, boron hydride-deborane.

Boron-containing fuels have a high heating value, but they

are used only with ram-jet and turbo-Jet engines powered by con-

ventional fuels, the boron-containing fuel being injected behind

the turbine. Tese fuels cannot be used with turbo-jet engines as
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the basic fuel since the combustion products of boron, boron

oxide, has a high boiling point (150000). Hence in the engine

combustion chamber, along with eases, solid boron oxide pArticles
will be. formed which during pa~sae of propellant oombostion pro-

duet. through the tarbine form an- incrustation on .the Inpollew

blades which disrupts the turbine's normaloperation.

%hze expediency of using boron fuels with rocket engines

powered by liquid compellants appears to be doubtful. The chief

disadvantage of these fuels can In this case be explained by the

high molecular weight of the combustion products of boron (e.g.,

B2 0 3 has the molecular weight 60), hence the efficiency of pro-

pellants with boron-containing fuel components exceeds only slight.

ly that of propellants with conventional hydrocarbon fuels.

High energy propellants based on boron hydrides can be ob-

tained if nitrogen-containine substances are used as oxidizers.

In such combinations the robe of oxidizer is played by the

nitro~en atom.. There is reason to believe that when nitrogen

combines with boron, large amounts of heat are evolved since

boron nitride, BN, appears to be a substance having a great

heat of formation.

Reaction between boron hydride and nitrogen hydride (ammonia

or hydrazine) takes place according to the following equation:

B~t5NH 3 5BN1 -1-12H2

This yields a solid, boron nitride, and releases large amounts of

elemental hydrogen-. Hence the mean molecular weight of the

flue Eases of such a propellant will be close to that of hydrogen,

viz., 2. Preliminary computatione show that despite a high

percentage by weight of solid boron nitride particles, in com-

bustion products of the propellant boron hydride plus nitrogen
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hydride it will highly efficient if used in rocket engines.

Boron, as well, as some metals (aluminum, magnesium), com-

bustion of which evolves large amounts of heat, can be used with

fuel components of'rocket. propellants as additives in the form of

fine powders (suspensions) to liquid hydrocarbons. The possibility'

of preparing a suspension of metal powders in kerosene with a

solid phase content up to 50% has been experimentally proved,.

Such compounds have a good fluidity which per:its them to be

normally fed Into the combustion chamber of the engine. Com-

bustible suspensions warrant specific impulses in ram-jet air-

craft engines exceeding by 50% those resulting from pure kerosene, :1

Combustion of the latter requires appreciably more oxygen than

combustion of the same amount of metals (3- to 3.5-fold). COrn- Cm

bustible suspensions are therefore particularly valuable for

high-altitude flights. The ceiling of aircrafts powered by such

fuels will be higher than if they were powered by conventional

aviation gasoline.

At the, present time, aluminum, boron and magnesium are

technically accessible' substances considered suitable for pre-

paring metal-base fuels. Magnesium is highly reactive, hence It

has also a higher burning rate in the engine chamber. It is

easier ground into fine powder than other metals, this being

one of the primary conditions for preparing suspensions with

acceptable properties (fluidity, stability, completeness of

combustion in the engine). For this reason magnesium suspensions

in hydrocarbon fuels are of the greatest interest. It should

be borne in mind that metal-base fuels yield good results. only

if used with ram-Jet engines. Because of the high boiling point
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of metal oxides and the considerable molecular -weight of con-

bustion products their use in rocket engines is not likely to

b.b o3pedient..

Free HadjqA
1zu~i~

This is one of the possible energy sources for rocket tech-

nolosy. Fro* radicals are fragments of molecules having no

charge. olseoules can be disintegrated by the action of vatious

factors, e,.s,heato irradiation* etc, Thus, if a methyl alcohol

molaouls, OH30HO is heated to high temperatures It will break up

into radicals, ,the methyl radical CH , and the hydroxyl radical

OH, Suoh a cleava6e requires large amounts of heat. When the

zethyl and hydroxyl radicals recombine there again forms a mole-

Oule

of methyl alcohol, and the amount of heat evolved is equal
to that used tor the dissorlation- of that' molecule.

Free 'radicals are obtainable not only from molecules of

complex substances but also from those of such simple substances

as hydrogen, oxygen, nitroSen and others.Di-soclatlon -of molecules

of simple substances yields radicals in the form of free atoma.

The state of a substance in the torm of free radicals is

highly unstable, At ambient-temperature and pressure, free

radicals can practioa3ly not exist, they combine with each other

to form stable molocules. and evolve heat. 'The merit of free

radicals as, a source of energy is .their high calorific value.

Conversion of one kilogram atomic hydrogen to molecular'hydrogen
- 107 -



,evolves an amountof heat equalling 50,000 kilocalories, Molecular-

.hydrogen may during this process attain a temperature of '2#,OOOC..

Recombining of free atoms of other simple iubstances or fr~aements

of molecules of complex substances involves the liberation of

lesser amounts of thermal energy than when hydrogen atoms combine,

However, free radicals even if .obtained from the dissociation

of heavy molecules of complex substances have a heating value 5

to 10 times that of 'common bipropellants.

As ad energy fource, the application of free radicals is at

an initial stage. No practically applicable methods for their

lar6e-scale production, lasting storage or measures ensuring safety

in handling them have been devised as yet. At the present time

investigations into the nature of free radicals are being con*'-

ducted in laboratories abroad. These studies are being carried out

at'ryery low temperatures in a high vacuum, since only under these

conditions a more or less lastini existence of free radicals can

be ensured.

Their durable storage represents one of the toughest problems.

Some samples obtained in the laboratory could be stored, before they

combined, for varying periods of time depending on storage condi-

tions. Thus, neon atoms from the moment they were obtained in an

unsteady state until they convert to a stable condition can be

stored at -263 0C during 25 sec. At -268 0C they can be kept f9r

years,

As a source of energy free radicals are interesting not only

in their pure form but also as mixtures with conventional rocket

propellant components. If, e.g., %.liqii!d oxygen contains °ohly

about 1% free radicals (atomic oxygen), the enerGy factors of

propellants based on such an oxidizer (together with a. fuel)

108-



will exceed by 20% those of common oxygen propellants with the

identical fusl.

* *

At the present time the development of rocket technology

has reached. very high levels, especially in the Soviet Union,

the country of the builders of Communism. M4anned space-ships

capable of staying in orbit for long periods of time are evidence

of the fact that the day when man will set foot on other planets

of the solar system and return to the earth is no longer far

away*

The designs of space ships and their control systems have

reached a high degree of sophistication, as is evidenced by the

successful flights of Soviet cosmonauts. Yet, great difficulties

are still in the way of manned flights to other planets of .the

solar system. These difficulties are chiefly due to an insuffi-

cient efficienoyof propellants used at the present time by rocket

technology. Computations show that a space-.ship capable of taking

a man to the moon and returning him to the earth is bound to have

a considerable weight, most of it made up by the propellant.

Liquid rocket prope!!Ints in use today have a comparatively

concentration of energy per unit weight. Hence any further effort

to conquer outer space must be chiefly aimed at devising new

formulas of rocket fuels more efficient than the existing ones.

It is pointed out that large-scale application in space rockets

of propellants based on fluorine oxidizers and using liquid hy-

drogen -as a fuel will be possible in the near future. Compared

with oxygen-base propellants, and especially those based on

FTD-TT-63-98/1+2 . 109 -



nitric acid, these propellants are considerably more powerful.

Yet, even fluorine-base propellants are not likely to satisfy

the energy requirements for flights to obelestial bodies at

great distances from the ea .

Utilization of free radicals which in- terms of On-Orgy a . ' oos

tens of times the conventional liquid propellants, will be thi

next step in the conquest of outer space. Even more temptin6

is the application to rocket ergines of nuclear fuel provided

the energy contained in it can be put to full use. The solution

of the' problem of efficiently using nuclear fuel in rocket engines

will at the same time solve the problem of long-lasting manned

flights in outer space, i.e., the virtual' establishmebt of

interplanetary communications.

1
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Footnotes

In principle, a third method of obtainiln monopropellsnts is
possible. It consists in utilizing the energy of free radicals,
At the present time, however, it has no practical value and Is
therefore not shown in Fig. 1 (see Section 12).

2
Latent heat of vaporization Is the amount of heat necessary to
vaporize 1 kg of liquid heated to boiling point.

Idetl combustion temperature is propellant combustion temperae.
ture without 1teat losses.

.4
Polymerization is the process combinin5 several molecules Into
one larg'e molecule.

' . .1
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